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ABSTRACT
The caudal solitary complex (cSC) is a cardiorespiratory integrative center in the dorsal
medulla oblongata that plays a vital role in the central CO2-chemoreceptive network. Neurons in
this area respond to hypercapnic acidosis (HA) by a depolarization of the membrane potential and
increase in firing rate, however a definitive mechanism for this response remains unknown.
Likewise, CO2-chemoreceptive neurons in the cSC respond to hyperoxia in a similar fashion, but
via a free radical mediated mechanism. It remains unknown if the response to increased pO2 is
merely an increase in redox signaling, or if it’s the result of a pathological state of redox stress.
Importantly, free radical production is known to be stimulated by increasing pO2, and can be
exacerbated downstream by the addition of CO2 and its subsequent acidosis. Conditions of
hyperoxia in combination with HA can therefore become detrimental in several scenarios,
including O2 toxicity seizures in divers and stranded submariners, as well as in cases of ischemiareperfusion injury and sleep apneas. As such, we sought to not only determine how O2 and CO2
interact to affect cellular excitability in the cSC, but also if these cells exhibited increases in redox
signaling and/or stress. We employed sharp-electrode intracellular electrophysiology to study
whole-cell electrical responses to varied combinations of hyperoxia (0.4 ® 0.95/1.95 ATA O2)
and HA (0.05 ® 0.1 ATA CO2). Additionally, we used fluorescence microscopy under similar
conditions to study changes in the production rates of various free radicals, including superoxide
(˙O2-), nitric oxide (˙NO), and a downstream aggregate pool of CO2/H+-dependent reactive oxygen
and nitrogen species (RONS). Finally, we used several colorimetric assays to measure markers of
ix

oxidative and nitrosative stress, including malondialdehyde, 3-nitrotyrosine, and protein
carbonyls. Our hypothesis for these experiments was that hyperoxia and HA alone could produce
effects, but would be more pronounced when used together. As such, we saw that ~89% of cells
tested that were sensitive to both hyperoxia and HA showed larger firing rate responses to HA
during an increased background O2 (0.9 and/or 1.9 ATA) after showing a smaller response or no
response to HA during control levels O2 (0.4 ATA). Additionally, we noted that the rate of ˙O2fluorescence increased in response to hyperoxia, but only during pharmacological inhibition of its
reactions with ˙NO and SOD. Likewise, the rate of ˙NO fluorescence increased during hyperoxia
compared to control O2, but only during pharmacological scavenging of ˙O2-. Downstream, our
aggregate pool of RONS showed increased rates of fluorescence during both hyperoxia alone and
HA in control O2, however the most prominent increases were seen during hypercapnic hyperoxia.
Finally, no significant effects were seen when probing for markers of redox stress in response to
hyperoxia and hypercapnic hyperoxia. Overall, these results suggest that the increased excitability
seen in cSC neurons during hypercapnic hyperoxia is the result of physiological redox signaling
rather than pathological redox stress. Further research needs to be done to determine how this
redox mechanism is specifically resulting in increased cellular excitability.
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CHAPTER 1:
CENTRAL NERVOUS SYSTEM OXYGEN TOXICITY

General Overview
Paul Bert wrote a book. In his 1878 publication, La Pression Barométric (12), Bert
presented his studies of respiration in subjects breathing both high and low pO2 and high and low
pressure gas mixtures. He discovered that the partial pressure of a specific gas was the product of
the fractional concentration of that gas within the mixture, multiplied by the pressure of the
surrounding atmosphere. As such, he concluded that prolonged breathing of pure O2 at >1
atmosphere (ATA) absolute can be poisonous, and first described the phenomenon of central
nervous system oxygen toxicity (CNS-OT). Symptoms have been shown to include nausea,
tinnitus, respiratory disturbances (i.e. dyspnea), visual disturbances (i.e. blurred and tunnel vision),
and muscle and face twitching (24, 25, 107). While these symptoms are relatively innocuous with
respect to divers’ health and safety, CNS-OT can ultimately lead to unconsciousness, grand mal
tonic-clonic convulsions (103), paralysis (10), and death (9). Interestingly, grand mal seizures are
completely reversible with no deleterious side-effects after switching a diver back to a breathing
mixture containing a lower level of O2 (103).
The cause of CNS-OT is unknown; however, several hypotheses have been developed and
tested in an effort to identify the underlying pathophysiological mechanisms of O2-induced
seizures. Research to date has primarily focused on the role of O2-dependent reactive oxygen and
nitrogen species (RONS) production and its resulting redox stress on nervous tissue, which is
1

thought to increase neuronal excitability and induce seizure. Additionally, cerebral blood flow
(CBF) has been shown to increase prior to seizure onset due to vasodilation (56, 92), inducing
cerebral hyperemia and propagating O2-dependent RONS production. Therefore, understanding
the factors that control the cerebral vasculature during exposure to HBO2 is critical as it regulates
the rate of O2 delivery to the brain. Vasodilation occurs via cGMP-induced smooth muscle
relaxation resulting from production of and signaling with nitric oxide (˙NO) (21, 150), a reactive
nitrogen species (RNS). CO2 can have a similar vasodilatory response (80). Therefore, O2-induced
RONS production can not only affect O2 delivery to CNS tissue via vascular regulation, but plays
a role in tissue damage and seizure activity. To better understand these mechanisms in an effort to
delay and/or prevent CNS-OT seizures, we must first better understand 1) how RONS are
produced, 2) how RONS result in redox stress, 3) how redox signaling and/or stress affect cellular
excitability, and 4) the mechanisms by which the cell responds to excess RONS production and
subsequent damage.

Free Radical Biochemistry
Free radical production is a normal physiological process. RONS are produced in a variety
of tissue types and play vital roles in cellular signaling and immune response (83). As such, various
antioxidant molecules and enzymes are present to regulate the levels at which various reactive
species accumulate. During some pathophysiological states, the rate of RONS production exceeds
the rate at which antioxidants can remove them, which results in states of oxidative and nitrosative
stress that includes damage to crucial subcellular molecules such as lipids (e.g. plasma and nuclear
membranes), proteins (e.g. ion channels, enzymes), and DNA. Various processes exist to repair or
remove damaged molecules; however, excessive redox stress can lead to cellular hyperexcitability,
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dysfunction, and death. Here, we will review 1) the production of prominent primary (1’) RONS
that generally play a role in cellular signaling, 2) the production of downstream secondary (2’)
RONS that are generally more associated with inducing oxidative and nitrosative stress, 3) removal
of said RONS by various enzymatic and non-enzymatic antioxidant mechanisms, 4) various types
of redox stress that result from RONS accumulation, and 5) cellular mechanisms involved in the
removal and/or repair of damaged lipids and proteins in an effort to maintain cellular viability. All
reactions referenced below are summarized in Figure 1.0.

Primary RONS
Superoxide. Superoxide (˙O2-) is a reactive oxygen species (ROS) that plays a vital role in
oxidative signaling. It is produced over a broad range of oxygen tensions (pO2s), but generally is
produced in larger quantities as pO2 increases. The primary source of ˙O2- in most cells is the
mitochondrial electron transport chain, where premature electron leak to O2 from complexes I and
III results in free radical formation (58, 81). It is currently estimated that 0.1-0.2% of O2 that is
used for the production of ATP is lost as ˙O2- (83). Another notable source of ˙O2- is NADPH
oxidase (NOX) (6, 105), which can be found in both the plasma and nuclear membranes. NOX is
a large protein complex consisting of several subunits, including the organizational subunit
(p47phox) that promotes assembly of the complex, and the activation subunit (p67phox), which begins
˙O2- production once assembly is complete. Other sources of ˙O2- include xanthine oxidase in red
blood cells and endothelial cells (6), as well as nitric oxide synthase (NOS) that has been uncoupled
due to BH4 or arginine depletion (95, 170).
˙O2- itself is a relatively unreactive molecule, however it does take part it multiple reactions
that usually involves other free radicals and/or antioxidant enzymes. The primary route of ˙O2-

3
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Figure 1.0: Diagram of relevant free radical reactions
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˙CO3-

removal is by superoxide dismutase (SOD) (52, 69-71), which produces hydrogen peroxide
(H2O2). SOD exists in 3 isoforms, including SOD1 and SOD3, Cu,ZnSOD enzymes that localize
in the cytosol and extracellular space, respectively, and SOD2, a MnSOD enzyme that localizes to
the mitochondria.

2 ˙O2- + 2 H+ ® H2O2 + O2

˙O2- can exist in a protonated form known as the hydroperoxyl radical (˙HO2) (23);
however, as ˙O2- has a pKa of ~4.8, the ratio of ˙O2-/˙HO2 is ~1000/1 at physiological pH (83).
Another important fate of ˙O2- is the formation of singlet oxygen (1O2), which has higher reactivity
as it is void of spin restrictions in its p orbitals (83). 1O2 is much more reactive in its 1Sg+O2 state,
but is quickly converted to and primarily exists in its 1∆gO2 state (82). 1O2 can be formed via
several different mechanisms, most notably by the reaction of ˙O2- with itself, H2O2, and the
hydroxyl radical (˙OH, discussed later) (99).

˙O2- + ˙O2- + 2H+ ® 1∆gO2 + H2O2
˙O2- + H2O2 + H+ ® 1∆gO2 + H2O + ˙OH
˙O2- + ˙OH + H+ ® 1Sg+O2 + H2O

The final reaction of ˙O2- discussed in further detail below is perhaps one of the most
important, that in which it reacts with nitric oxide (˙NO) to form peroxynitrite (ONOO-).
Nitric oxide. ˙NO is a reactive nitrogen species (RNS) that plays a critical physiological
role in regulation of blood pressure by binding to and activation of guanylate cyclase, effectively
5

producing higher levels of cGMP and lowering intracellular calcium in smooth muscle cells that
surround the vasculature (83). Smooth muscle relaxation allows for vasodilation and decreased
blood pressure. ˙NO can also play a role in excitatory neurotransmitter signaling by enhancing the
release of glutamate from pre-synaptic neurons to activate NMDA receptors post-synaptically.
˙NO is produced by NOS, which exists in 3 isoforms. 2 NOS isoforms, endothelial (eNOS)
and neuronal (nNOS) produce ˙NO in a Ca2+-dependent manner, while the third isoform, inducible
NOS (iNOS), is Ca2+-independent (83). In the brain, nNOS and eNOS are localized to neurons and
glia, respectively, as astrocytes interface with cerebral vasculature to help maintain the blood brain
barrier (7). While nNOS and eNOS generally produce ˙NO under normal physiological conditions,
iNOS is involved in the production of ˙NO during inflammatory states. Regardless, all 3 NOS
isoforms ultimately produce ˙NO, H2O, NADP+, and L-Citrulline from O2, L-Arginine, and
NADPH, utilizing essential co-factors such as tetrahydrobiopterin (BH4). NOS activity can be
regulated in a negative feedback loop, where inhibition results from the binding of ˙NO to heme
groups within the enzyme (1). Likewise, heme-containing antioxidant enzymes (e.g. catalase) can
be inactivated by ˙NO (22).

O2 + L-Arg + NADPH ® ˙NO + L-Cit + H2O + NADP+

˙NO, like ˙O2-, contains an unpaired electron in its p orbital, allowing them to be shared in
the formation of an irreversible chemical bond upon formation of ONOO-. The reaction rate of
˙NO with ˙O2- has been shown to be multiple times faster than that of ˙O2- with SOD, and is the
only reaction known to outcompete SOD for ˙O2- (26). For example, µM concentrations of ˙NO
will consume a substantial amount of ˙O2- in the presence of physiological levels of SOD (139).
6

While these radicals can serve to consume one another to negate the potentially pathological effects
of either species alone, the negative effects of excessive ONOO- production may not necessarily
be a favorable alternative.

Secondary RONS
Peroxynitrite and the carbonate and nitrogen dioxide radicals. ONOO- formation
occurs from the reaction of ˙O2- and ˙NO (54).

˙O2- + ˙NO ® ONOO-

˙O2- has limited diffusion properties due to its anionic nature (26). As ˙NO readily diffuses
within and between cells, sites of ONOO- production are limited to the general diffusion radius of
˙O2- from its generation site (65). ONOO- exists primarily in its anionic form at physiological pH;
with a pKa of 6.8, only 20% is present in its protonated form, peroxynitrous acid (ONOOH) (139).

ONOOH « ONOO- + H+

ONOOH itself will undergo homolytic decomposition, yielding nitrate (NO3-) and protons
(H+) 70% of the time. The remaining 30% yield produces the highly reactive ˙OH and the nitrogen
dioxide radical (˙NO2) (both discussed in greater detail later) (8, 65). Although these radicals occur
less frequently from a less abundant compound, acidic environments that protonate ONOO- to
ONOOH can ultimately increase their production.
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ONOOH ® 0.7 (NO3- + H+) + 0.3 (˙OH + ˙NO2)

ONOO- is a strong oxidizing and nitrating agent. It reacts strongly with thiol (sulfhydryl)
groups (26), which are sulfur-containing functional groups that are important in proper protein
structure and function. For example, tertiary protein structure is created and maintained by the
formation of disulfide bridges, which are covalent bonds between sulfur atoms present in cysteine
residues. Further, quaternary protein structure can utilize disulfide bridges to link subunits of larger
protein structures. Therefore, destruction of thiol-dependent disulfide bridges can result in the
breakdown of protein structure, essentially inactivating normal protein function. Damaged proteins
must then be tagged for organized proteasomal degradation or await repair. Therefore, certain
antioxidant enzymes have evolved to neutralize ONOO- by containing sulfhydryl groups, specific
examples including glutathione (GSH) and peroxiredoxins (26, 65). ONOO- can also react with
the metal centers of enzymes. A specific key example is its reaction with the Cu,Zn or Mn cores
of SOD enzymes (26), effectively inactivating SOD and promoting ˙O2- accumulation.
The reaction of ONOO- with CO2 is perhaps one of its most important and biologically
relevant (26, 65, 164). CO2 is present in biological systems at a concentration of ~1.3mM or
greater. The high concentration of CO2, in addition to its relatively fast reaction rate constant,
allows CO2 to outcompete most other targets of ONOO- (26). The result is a short-lived
intermediate, nitrosoperoxocarboxylate (ONOOCO2-) (8, 65, 142).

ONOO- + CO2 ® ONOOCO2-
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~65% of ONOOCO2- breaks down to form NO3- and re-form CO2. The remaining 35%
yields two new highly oxidizing and nitrating agents: the carbonate radical (˙CO3-) and the nitrogen
dioxide radical (˙NO2) (8, 65).

ONOOCO2- ® 0.65 (CO2 + NO3-) + 0.35 (˙CO3- + ˙NO2)

˙CO3- and ˙NO2 are a pair of strong oxidizing agents with relatively high reduction
potentials. ˙NO2 is electrically neutral, therefore can accumulate in non-polar environments such
as the plasma membrane. While it has been shown to react poorly with some constituents of the
cell membrane, it has been linked to damage via lipid peroxidation (8). Additionally, ˙NO2 can
nitrate lipids and proteins, as well as oxidize amino acids such as cysteine and tyrosine, ultimately
breaking down protein structures and producing 3-Nitrotyrosine (3-NT).
˙CO3- is an anion, therefore will primarily exist in aqueous environments with a limited
diffusion radius. Its inability to cross cell membranes diminishes its role in the initiation of lipid
peroxidation (8). However, it does preferentially oxidize several amino acids such as cysteine,
methionine, and tyrosine. In fact, ˙CO3- is ~100x more efficient at oxidizing tyrosine residues that
˙NO2. Alternatively, ˙CO3- has been shown to enhance the efficiency with which ˙NO2 nitrates
tyrosine. In this case, ˙CO3- forms a tyrosyl radical (˙Tyr) that undergoes a recombination reaction
with ˙NO2 to form 3-NT (26, 79, 139, 146). As such, these radicals, which are formed
simultaneously from the same compound, are capable causing cellular level damage individually,
but in certain cases work together to more effectively cause damage as well.
Hydrogen peroxide, the Fenton reaction, and the hydroxyl radical. H2O2 is an
important signaling molecule that is produced primarily by the dismutation of ˙O2- (discussed
9

above) (69-71, 82, 98) and via certain isoforms of NADPH oxidase (i.e. NOX2) (105). Despite the
involvement of H2O2 in several important physiological signaling cascades, excessive
accumulation can result in apoptosis; therefore, H2O2 levels are tightly regulated in the following
ways: 1) One key enzyme for H2O2 removal is catalase, which produces H2O and O2 (69).
However, it should be noted that catalase levels are relatively low in the brain, and is mainly
sequestered to peroxisomes (83). 2) Antioxidant enzymes, such as glutathione peroxidase (GPx)
and peroxyredoxins, also convert H2O2 to H2O and O2 (69). 3) H2O2 can be converted to
hypochlorous acid (HOCl) by myeloperoxidase as part of the phagocytic immune response (58,
166).
While multiple mechanisms exist to neutralize the potentially cytotoxic effects of H2O2
accumulation, it also has an importantly relevant conversion to the highly damaging ˙OH, which
can occur via either the Haber-Weiss or Fenton reactions (58, 69). The Haber-Weiss reaction
produces ˙OH from the reaction of H2O2 with ˙O2-, with other products including a hydroxyl anion
and O2. However, the Haber-Weiss reaction has negligible rate constants in aqueous solutions (82,
98), and therefore is not a significant source of ˙OH. The Fenton reaction occurs in the presence
of catalytic transition metals such as Fe2+ (82), which reacts with and is oxidized by H2O2 to
produce ˙OH, a hydroxyl anion, and Fe3+. Afterwards, Fe3+ can be reduced to Fe2+ by ˙O2- or H2O2
to further catalyze the Fenton reaction (98).

H2O2 + Fe2+ ® ˙OH + OH- + Fe3+
Fe3+ + ˙O2- ® Fe2+ + O2
Fe3+ + H2O2 ® Fe2+ + ˙OOH + H+
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Likewise, the Fenton reaction can proceed via the oxidation of Cu+ to Cu2+ (82). Once
formed, ˙OH has the largest reduction potential of any known free radical (82). Therefore, it will
react indiscriminately within a very limited diffusion radius. The fact that H2O2 is an uncharged,
nonpolar molecule that can cross cell membranes effectively increases the radius within which it
can form ˙OH and result in oxidative damage. ˙OH has a broad range of reactions. For example, it
can react with other radicals to form non-radicals, and vice versa. Further, ˙OH can take part in
lipid peroxidation, as well as oxidation of proteins and DNA.
The Fenton reaction relies on Fe2+ to produce ˙OH. Under normal physiological conditions,
iron in the Fe3+ state is bound, in part, to its high-affinity carrier protein, transferrin. At
physiological pH, iron-bound transferrin binds its receptor (TfR1) located at the surface of the
plasma membrane, which undergoes endocytosis and maintains the complex within an acidified
(pH = 6.0) vesicle. Free Fe3+ is then reduced to Fe2+ by ferrireductase, and ultimately exits the
vesicle via a divalent metal transporter (DMT1) (75).
Acidifying conditions such as metabolic and respiratory acidosis can further stimulate the
release of iron from transferrin, effectively increasing the concentration of Fe2+ available to
catalyze the Fenton reaction. One potential source of protons is CO2, which ultimately produces
H+ and bicarbonate (HCO3-) from carbonic acid. However, HCO3- can act to stabilize the Tf-Fe3+
complex (which requires the binding of an anion) as it can offset the acidic pH resulting from H+
formation (60). Accordingly, metabolic acidosis (i.e. lactate) has been shown to have a larger effect
on ˙OH-dependent lipid peroxidation than CO2 (140). Regardless, CO2 is not only able to stimulate
the production of ˙OH via is subsequent acidosis, but reacts directly with ONOO- to form ˙CO3and ˙NO2, all of which contribute to oxidative and nitrosative damage.
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Oxidative and Nitrosative Stress
Lipid peroxidation. Lipid peroxidation occurs in a multi-phase reaction. Its initiation
involves RONS such as ˙OH or ˙NO2, which abstract H+ from PUFA methylene groups and form
secondary reactive species or carbon-centered radicals. Carbon-centered radicals then react with
O2 to form peroxyl radicals (˙RO2) that further abstract H+ from adjacent fatty acid chains and
propagate the process. The termination reaction occurs when ˙RO2 combines with the H+ it
abstracts and forms a lipid hydroperoxide (LOOH). The detrimental effects of lipid peroxidation
include decreased plasma membrane fluidity, increased leakage of intracellular contents, and
damage to proteins within the membrane. Continued damage will ultimately lead to the loss of
membrane integrity, which can affect several cellular organelles, including the ER, Golgi
apparatus, lysosomes, and mitochondria. Formation of lipid peroxides within membranes results
in their displacement to the surface of the membrane due to their more polar nature. At the surface,
they can be cleaved from the membrane by phospholipase A2. The resulting free fatty acid
peroxides can be removed by GPx or reduced to alcohols. In this way, damaged lipids are quickly
removed and replaced, rather than relying on repair mechanisms. Several by-products can be used
to measure the rate of lipid peroxidation during periods of oxidative and nitrosative stress,
including isoprostanes, malondialdehyde (MDA), and 4-hydroxynonenal (4-HNE) (83).
Protein oxidation and nitration. Protein damage occurs via oxidation and nitration of
amino acids. The most common example of protein nitration is the formation of 3-NT, which
generally occurs via a ˙Tyr intermediate and is discussed above. Interestingly, 3-NT is present in
relatively low quantities due to 1) competition for nitrating agents by antioxidants, notably GSH,
which can scavenge both ˙NO2 and ˙CO3-, 2) removal by antioxidants such as peroxyredoxins and
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SOD once it’s produced, and 3) repair by reductants, notably GSH, but more quickly by ascorbate
(26, 68).
The most commonly measured markers of protein oxidation are protein carbonyl (CO)
groups. CO groups are aldehyde (-CHO) and ketone (RC(=O)R’) groups that are produced on
oxidized protein side chains by RONS such as ˙O2-, 1O2, ONOO-, ˙OH, and H2O2 (147). While
some protein damage is reversible or able to be repaired, protein carbonyl formation is not.
Therefore, it is a very stable compound, hence its widespread use as a marker of oxidative stress
(41). While the primary route of CO production is RONS-mediated oxidation, they can also be
formed when nucleophilic amino acids react with aldehyde by-products of lipid peroxidation (e.g.
MDA, 4-HNE) (11, 64, 147, 152). Therefore, CO content can not only be indicative of protein
oxidation, but a generally oxidized cellular state as well.
Protein oxidation and nitration can impair proteins involved in a variety of functions,
including membrane receptors and ion channels that can enhance or disrupt signal transduction, as
well as proteins that assist in molecular transport or act as enzymes to catalyze critical reactions
necessary for normal cellular function. Therefore, catalytic removal of oxidized proteins by
proteolytic degradation is necessary to maintain cellular viability. Oxidized proteins can be tagged
with ubiquitin or form aggregates that can be sent to several sites within the cell for degradation,
such as the proteasome and lysosomes, respectively. Interestingly, cells have developed proteases
that show either partial or complete specificity for oxidized proteins (147, 152), and can increase
proteasomal activity in response to RONS production and oxidative stress (42, 58, 106, 137).

13

Free Radical Production and Redox Stress in CNS-OT
Prolonged exposure to hyperbaric oxygen results in grand mal seizures. The underlying
mechanism is believed to involve RONS production and redox stress that results in cellular
excitability and neuronal dysfunction. As such, research has focused on delaying or abolishing
seizure with the use of various antioxidant treatments. Free radical production has been shown to
increase prior to seizure induction (158), including ˙NO metabolites such as nitrate and nitrite (51,
61), as well as H2O2 (173) and ˙OH (61). Interestingly, repeated bouts of HBO2 and seizure lead
to increased expression of nNOS and SOD (29), leading to increased ˙NO production during
subsequent exposure to HBO2.
Markers of redox stress also increase during exposure to HBO2. For example, 3-NT
increased both prior to and following seizure, while increases in CO groups were only detected
following seizure. The increases seen in both of these markers were abolished by treatment with
the NOS inhibitor, 7-NI (28). Further, increases in markers of lipid peroxidation were decreased
with deferoxamine treatment, however it had no effect on seizure latency (112). It should be noted
that deferoxamine could be inhibiting oxidative stress via its ability to chelate free iron, thus
decreasing Fenton reaction-dependent ˙OH production, which is highly implicated in the initiation
of lipid peroxidation. Iron chelation can occur at much lower concentrations than free radical
scavenging, which generally requires deferoxamine concentrations of >1mM (82). Thus, the
inability of deferoxamine to extend seizure latency could be purely concentration dependent.
Treatment with other antioxidants has proven successful, with increased seizure latency or
abolishment of seizure seen with the use of catalase (86), beta-carotene (16), tempo/tempol (SOD
mimetics) (17, 18), and several NOS inhibitors, including L-NAME, 7-NI (15), and LNNA (175).
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Effects of Hyperoxia and Redox Stress on Cellular Excitability
Glutamate (Glu) and GABA are important excitatory and inhibitory neurotransmitters in
the CNS, respectively. Therefore, an imbalance in the ratio of Glu/GABA could produce a state of
over-excitation in the brain, leading to seizure. Exposure to HBO2 induced such an increase in the
Glu/GABA ratio, where Glu levels remained relatively unchanged while GABA levels
significantly declined (53, 176). Treatment with the NOS inhibitor 7-NI led to significantly
decreased Glu levels, and while GABA levels still significantly decreased, they did so to a lesser
degree compared to control, ultimately producing a decreased Glu/GABA ratio and suggesting a
link between ˙NO production and excitatory and inhibitory neurotransmitter levels (53). Further,
other studies have correlated decreased levels of GABA with seizure during exposure to hyperbaric
O2 (168), but not hyperbaric air or normobaric hyperoxia (167). As such, successes have been
found in extending seizure latency with the use of excitatory amino acid antagonists (36), as well
as with Vigabatrin, an antiepileptic drug that inhibits GABA transaminase (162).
Cellular excitability of caudal solitary complex (cSC) neurons in the medulla oblongata
has also been increased upon exposure to both normobaric and hyperbaric hyperoxia, in addition
to chemical oxidants (116, 120). Here, cSC neurons responded to hyperoxia and chemical oxidants
with a depolarization of membrane potential, an increase in firing rate, and an increase in
membrane input resistance, thought to occur from the closure of a K+ channel. Increasing evidence
suggests that ion channel regulation may occur via oxidation of cysteine and methionine residues,
such that these oxidized amino acids can cause conformational changes to ion channels and are
then quickly reduced enzymatically by thioredoxin and non-enzymatically by glutathione, and by
methionine sulfoxide reductase, respectively (30, 31, 38, 96, 97, 147, 156). As such, the cSC has
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several types of K+ channels shown to be variably affected by RONS (2, 59, 63, 178) and chemical
oxidants (59, 145, 153, 156, 157).

Regulation of Cerebral Blood Flow
Initial exposure to HBO2 causes decreased heart rate (bradycardia), cardiac output,
sympathetic drive, minute ventilation, and induces vasoconstriction (76, 102, 138). These effects
are due in part to activation of the arterial baroreflex, however depression of minute ventilation
also involves hyperoxia-dependent inhibition of peripheral chemoreceptors. Eventually, baroreflex
activation subsides, giving way to increased sympathetic outflow, hyperventilation, hypertension,
and vasodilation-dependent increases in cerebral pO2, ultimately producing EEG discharges and
convulsions. As such, activation of the baroreflex is important as a protective mechanism for CNSOT seizures, as deafferentation abolished its protective role and decreased seizure latency, while
stimulation of baroreceptor afferents extended seizure latency (55).
Cerebrovasodilation occurs in response to increases in ˙NO, a potent vasodilatory agent (7,
51, 52, 54, 56, 76, 80). Accordingly, the increased production of ˙NO metabolites during exposure
to HBO2 correlate with increased cerebral blood flow preceding seizure, both of which can be
abolished by application of NOS inhibitors (51). Early during HBO2 exposure, vasoconstriction is
maintained by the removal of ˙NO by ˙O2- to produce ONOO- (52, 56, 177). Indeed, mice that
overexpress extracellular SOD experience reduced latency to seizure that can be increased with
DDC (a SOD inhibitor) treatment (56, 177). Moreover, repeated bouts of seizure result in increased
SOD expression, as well as increased NOS expression and activity, and thus, decreased seizure
latency (29, 113). Vasodilation also occurs in response to increased CO2, and cerebral pO2 has
been shown to increase significantly faster during hypercapnia (4, 5, 14, 34, 80, 92, 94, 104).
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During exposure to hyperbaric oxygen, CO2 becomes an increased factor due to 1) hyperoxiainduced decreased minute ventilation, 2) hyperbaria-dependent increases in pulmonary gas density
and airway resistance, 3) increased end-tidal pCO2 caused by increased exercise-induced CO2
production, and 4) increased re-breathing of CO2 that collects in the dead-space of a breathing
apparatus during diving (48). Interestingly, CO2-induced vasodilation can be abolished by NOS
inhibitors, suggesting the mechanism for vasodilation is in large part ˙NO-dependent (80).
The origin of seizure induction is unknown, and because vasodilation occurs preceding
seizure, researchers have hypothesized that central regions experiencing the earliest and largest
increases in blood flow may be important in seizure generation. Importantly, initiation of seizure
activity during HBO2 occurs most frequently in sub-cortical areas, progressively spreading to the
cortex. Gasier et al. (76) have tested this theory, noting higher increases in cerebral pO2 in
subcortical areas, followed by the cortex and cerebellum, with no changes seen in the substantia
nigra. Blood flow increased earliest in the striatum, however microdialysis of NOS inhibitors to
this area did not affect latency to seizure. Other subcortical areas that experienced “pronounced”
increases in blood flow included the hippocampus, hypothalamus, and nucleus of the solitary tract
(NTS). The NTS, in addition to the dorsal motor nucleus of the vagus (DMNV), make up the cSC
(49), mention above as an area of central CO2 chemoreception that is stimulated by
hyperoxia/RONS (120), and also receives afferents from arterial baroreceptors (32, 57), the
hippocampus (27, 144), and the hypothalamus (33). Therefore, the cSC may be involved in various
autonomic processes during HBO2 that may assist in baroreceptor-dependent protection and
changes in ventilation preceding seizure (138). Further research in this area may be beneficial in
the understanding of the multi-faceted mechanism underlying CNS-OT seizures.
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The Caudal Solitary Complex
The caudal solitary complex (cSC) is located at the dorsal surface of the caudal medulla
oblongata. It consists of the nucleus of the solitary tract (NTS) and the dorsal motor nucleus of the
vagus (DMNV) (49), which share reciprocal excitatory glutamatergic (161), inhibitory
GABAergic (72, 159), and mixed cholinergic projections (160). While it serves a vital role as a
site of cardiovascular and gastroesophageal integration (45), this review will primarily focus on
its role as a central CO2 chemoreceptor in respiratory function.

The cSC and Central CO2 Chemoreception
The role of the cSC as a site of central CO2 chemoreception and its ability to affect
ventilation has been confirmed in several in vivo studies that have utilized various different
methods. For example, acetazolamide (AZ), a carbonic anhydrase inhibitor, was used to focally
acidify the NTS of anesthetized, vagotomized, and carotid-denervated cats and rats, ultimately
stimulating phrenic nerve activity (35). These experiments were repeated using reverse
microdialysis to focally acidify the NTS. This method was much improved over the use of AZ, as
it produced a much milder acidification and allowed for the use of an unanesthetized, freely
moving animal model (126). Additionally, ventilation could be studied in both the sleep and wake
states, such that stimulation of the caudal NTS increased ventilation by 28% during the awake state
and 16% during non-REM sleep. Additionally, focal inhibition of synaptic transmission in the
caudal NTS reduces the hypercapnic ventilatory response, regardless of sleep state, suggesting the
cSC has an important contribution to ventilation that is state-independent. Overall, these studies
and others have led to the discovery of a broad central chemoreceptive network that includes
multiple sites of CO2 chemosensitivity, namely the retrotrapezoid nucleus (RTN) (108, 109),
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rostral and caudal medullary raphe (MR) (87, 88, 127), the cSC (35, 46, 47, 126), the pre-Bötzinger
complex (PBC) (100), the fastigial nucleus of the cerebellum (FN) (115), orexinergic neurons in
the lateral hypothalamus (LH) (125), the caudal ventrolateral medulla (cVLM) (40, 117), and the
locus coeruleus (LC) (13, 74, 84).
Studies have shown that lesioning specific sites within the central chemoreceptive network
can significantly blunt, but not abolish, the hypercapnic ventilatory response (HCVR) during a
hypercapnic acidotic challenge (110). Additionally, the relative contributions of each individual
site to the overall HCVR is greater than 100% (123), suggesting that these sites not only work
together to facilitate breathing, but that a certain level of redundancy exists in the event of damage
to part of the network (124). As such, the cSC has afferent and/or efferent connections with the
other nuclei that comprise the respiratory network (77, 93, 101, 133, 143, 149, 155, 163, 169),
including afferent input from the peripheral chemoreceptors (67). Additionally, the NTS has
connections with inspiratory and expiratory neurons in the dorsal respiratory group, which exists
within the ventrolateral NTS (133) and projects to the spinal cord via the bulbospinal tract to
innervate the phrenic motor nucleus and external intercostal muscles (50). The cSC also projects
to other major areas of respiratory control, including the ventral respiratory group and PBC (62,
133, 174), and the pontine respiratory group (133).
As mentioned previously, the cSC is also involved in systemic integration of the
cardiorespiratory and gastroesophageal systems (45). Therefore, other notable afferent inputs
include baroreceptors (3), airway receptors (20), pulmonary slowly adapting stretch receptors (19),
and rapidly adapting irritant receptors (148), as well as input from the gastric wall and upper and
lower esophageal sphincters (160). As such, corresponding efferent output includes the caudal
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VLM to regulate cardiac output (154), as well gastroesophageal projections that regulation gastric
acid secretion (132) and tone of the esophageal sphincters (89, 160).
When tested in vitro, chemosensitive cSC neurons respond to hypercapnia and its
corresponding acidosis with changes in integrated firing rate (∫FR) and resting membrane potential
(Vm), with or without changes in membrane input resistance (Rin). In fact, the cSC was first shown
to contain CO2 chemosensitive neurons in an in vitro rat brain stem slice preparation prior to the
in vivo studies discussed above. Dean and colleagues (46, 47) used intra- and extracellular
electrophysiology, noting that 7%, 10%, and 15% CO2 could elicit a slight depolarization of Vm
and an increase in ∫FR in ~30-50% of neurons tested. Further, they noted an increased membrane
Rin, suggestive of decreased outward K+ current. Generally, <10% of neurons were shown to be
CO2-inhibited, exhibiting a hyperpolarized Vm and/or decreased ∫FR. The remaining 40-70% of
neurons tested did not respond to HA; as such, CO2 chemosensitivity is specific to only a certain
subset of neurons within the cSC. CO2 chemosensitivity is also maintained during chemical block
of synaptic transmission using a high Mg2+/low Ca2+ solution (46), suggesting the neuronal
response to hypercapnic acidosis (HA) is an intrinsic property of these cells. In addition to synaptic
connections, cSC neurons have been shown to exhibit cell-to-cell coupling via gap junctions,
which allow for electrical and metabolic communication between cells (90, 151). While the
number of anatomically coupled neurons in the cSC are few, at least half are electrotonically
coupled, and an even larger percentage (86%) are CO2 sensitive. Interestingly, cSC neurons again
maintain their intrinsic chemosensitivity during uncoupling of gap junctions with carbenoxolone
(128), suggesting that while electrotonic and metabolic coupling may assist in the transmission of
individual neuronal responses to adjacent cells during HA, it is not a requirement for
chemosensitivity per se.
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Throughout development, the chemosensitivity of cSC neurons does not change, i.e. the
number of chemosensitive cells does not change, nor does the magnitude of the neuronal response
to HA, regardless of synaptic inhibition (37, 128). This suggests that the cSC, at least in terms of
its role in the central chemoreceptive network, it fully functional at birth. However, gap junction
uncoupling did decrease the magnitude of the chemoreceptive response in very young animals
(37), and decreased minute ventilation and tidal volume in rats younger than 10 weeks, but not in
rats older than 10 weeks, during a hypercapnic acidotic challenge (136), suggesting gap junctions
have an increasingly important role in early development that decreases into adulthood.

Mechanisms Underlying the O2- and CO2-Sensitivity of cSC Neurons
CO2 chemosensitive neurons are stimulated by hypercapnia-induced intracellular
acidification (46, 47). Most cells generally respond to an acidifying stimulus by recovery of their
pHi. However, ~90% of neurons from chemosensitive areas such as the cSC and VLM are unable
to recover intracellular pH during sustained acidosis, in contrast to neurons in non-chemosensitive
regions, such as the hypoglossal nucleus and inferior olive. Ritucci et al. (141) tested this
phenomenon, noting that recovery from acidification could be abolished by treatment with
amiloride, a specific inhibitor of the Na+/H+-exchanger (NHE). Interestingly, intracellular
acidification of cSC neurons could recover pHi when extracellular pH (pHo) was not concurrently
acidified, suggesting NHE inhibition is contingent upon extracellular acidosis. Regardless, the
inability of neurons to recover pHi during an acidotic load seems to be an important phenotype of
chemosensitive neurons.
HA involves an increase in CO2 with a corresponding acidosis, however it remains unclear
whether the neuronal response to this pair of concurrent stimuli, hypothesized to be the closure of
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a yet to be identified K+ channel, is due to the effects of molecular CO2, changes in pHo/i, or both
(91). Putnam (66) has suggested a multiple factors theory, in which CO2, pHo, and pHi can affect
various types of ion channels, specifically L-type Ca2+ channels that could ultimately affect Ca2+dependent K+ channels, TASK channels, or TEA-sensitive K+ channels, respectively. This theory
suggests that not only can the response to HA involve one or more types of ion channels, but that
the channel(s) affected could vary from site to site within the chemoreceptive network. In the cSC,
Dean and Putnam have successfully abolished the firing rate response to HA using 4aminopyridine (4-AP) to selectively inhibit Kv1.4, a voltage gated K+ channel that gives rise to the
A-current (43, 111). Thus, while chemosensitivity in the cSC may only involve Kv1.4, it remains
unknown whether inhibition of this channel involves CO2, pH, or both.
In contrast to the classical dogma concerning the O2 sensitivity of central chemoreceptors,
neurons in the cSC are stimulated by hyperoxia. For example, Mulkey et al. (120) exposed rat
brain stem slices containing the cSC to both hyperbaric hyperoxia and chemical oxidants (e.g.
chloramine-T, CT, and N-chlorosuccinimide, NCS), and noted a depolarization of resting Vm and
an increase in ∫FR in 38% of neurons tested, concurrent with an increase in membrane Rin,
suggesting closure of K+ channels. It was noted by the authors that the ∫FR response to chemical
oxidants tended to be less reversible than that of hyperoxia. Moreover, this response was abolished
by treatment with the antioxidant Trolox-C, a water-soluble analog of Vitamin E. Thus, the
mechanism underlying hyperoxia- and redox stress-induced excitation of cSC neurons is RONSdependent. Interestingly, ~90% of the O2-sensitive neurons in the cSC were also sensitive to HA,
such that co-administration of HBO2 and HA produced additive and multiplicative increases in
∫FR, suggesting these stimuli utilize separate mechanisms that, in some cases, can be shared.
Trolox-C administration was also administered during hypercapnic hyperoxia, and did not
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significantly reduce ∫FR, suggesting HA-induced excitation does not primarily utilize a RONSmediated mechanism; however, the sample size for this set of exposures was small and requires
further testing.
A follow-up study by Mulkey et al. (122) sought to determine the effects of ROS and
chemical oxidants on pHi of cSC neurons. They found that both stimuli were able to induce
sustained intracellular acidification via a methionine-dependent oxidative inhibition of NHE, but
noted that chemical oxidants affected a larger number of cells, and the effects were more difficult
to reverse (i.e. recovery from acidification was significantly slower). Co-administration of
chemical oxidants and HA had a greater than additive effect, acidifying pHi more than either
stimulus alone. However, the increase in ∫FR induced by chemical oxidants persisted despite
clamping the pH of the aCSF superfusing the tissue slice with high bicarbonate or low CO2,
suggesting the mechanism for RONS-induced excitation is pH-independent. This study thus
introduced a cellular model of O2- and CO2-excitation, in which hyperoxia and HA utilize RONSand acidosis-dependent mechanisms (120), respectively, that can both affect NHE activity (122,
141). As we’ve seen, RONS can affect pHi (122), and vice versa (44, 171), both of which are
hypothesized to inhibit K+ channel activity, reducing outward current and leading to increased
neuronal excitability. To date, the extent to which these mechanisms overlap is not fully
understood.
In addition to being classified as both O2 and CO2 sensitive, cSC neurons have also been
shown to be sensitive to pressure per se, which depolarized the Vm and increased the ∫FR of cSC
neurons. In contrast to the membrane properties seen during O2 and CO2 excitation, neurons
responded to pressure with a decrease in membrane Rin, suggesting the opening of Na+ and/or Ca2+
channels. Finally, it was determined that there is no significant overlap between neurons that were
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classified as barosensitive vs. O2/CO2 sensitive, and that pressure per se has no effect on cellular
sensitivity to either O2 or CO2 (121).

Considerations for the Use of a Lower Control Level of O2
The ability of hyperoxia to increase neuronal excitability via a RONS-mediated mechanism
led Dean and colleagues to question whether the classically accepted use of 95% O2 as a control
condition for brain slices was, in fact, providing an environment that stimulated excess free radical
production, redox stress, and hyperexcitability. pO2 measurements made in 300µm cSC slices
demonstrated that the core of said slices were experiencing O2 tensions of ~300mmHg, at least
10x the amount experienced by most CNS tissue in vivo (119). As the pO2 of the intact CNS is
generally 10-34mmHg, the tensions measured at the slice core are the equivalent of breathing pure
O2 at 2-2.5 ATA absolute (48). Hyperoxia is an unnatural and man-made stimulus, yet it is
frequently encountered. Therefore, while hyperoxia-induced cellular excitability may have no
innate physiological function, the enzymes and molecules involved in the RONS production and
propagation that underlie neuronal sensitivity to hyperoxia are present in the cSC and other areas
of the CNS. For example, the cSC has been shown to contain NOX (78, 130, 165), NOS (85, 131,
134, 135, 154, 172), SOD (130, 172), and transferrin and its receptor (114, 118). Therefore,
enzymatic and metabolic RONS production can increase in a pO2-dependent manner. Thus, the
control O2 used for brain slices required re-evaluation.
D’Agostino et al. (39) examined the effects of graded levels of O2 on superoxide production
in the CA1 hippocampus, finding increased levels of superoxide were being produced as a function
of pO2. Moreover, the authors noted a significant increase in cell death after 4 hours at 60% and
95% O2, but no change in the number of dead cells during exposure to 40% and 20% O2. Indeed,
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cells maintained at 20% O2 were shown to viable after 4+ hours based on electrophysiological
criteria, and while variations in pO2 would not be expected to have lasting effects on neural tissue,
Garcia et al. (73) have shown that acute exposure to hyperoxia and re-oxygenation can induce an
elevated firing rate in CA1 neurons. Additionally, rats exposed to chronic hypoxia exhibited an
increase in the number of CO2-inhibited cSC neurons (129), and hypoxia has been shown to
completely abolish firing rate activity of cSC neurons (116).
Therefore, 40% O2 has been tested as a new control condition in cSC brain stem slices.
Data to date has shown that cSC neurons maintain viability over hours of 40% O2 exposure, and
are stimulated during acute exposure to 95% O2 (116). While the excitatory response of cSC
neurons to normobaric hyperoxia (95% O2) is hypothesized to occur via a free radical mechanism,
it remains unknown whether variations in normobaric O2 tensions affect free radical production
and redox stress. Furthermore, O2 has a pronounced effect on cellular excitability, and evidence
suggests O2 may interact with CO2 via mechanisms involving either pH, RONS, or both.
Therefore, a more in depth understanding of how O2 and CO2 interact to modulate neuronal
excitability, and the relative contributions of their separate and/or shared mechanisms, is required.
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CHAPTER 2:
NORMOBARIC HYPEROXIA STIMULATES SUPEROXIDE AND NITRIC OXIDE
PRODUCTION IN THE CAUDAL SOLITARY COMPLEX OF RAT BRAIN SLICES1

Abstract
Central CO2 chemosensitive neurons in the caudal solitary complex (cSC) are stimulated
not only by hypercapnic acidosis (HA), but by hyperoxia as well. While a cellular mechanism for
the CO2 response has yet to be isolated, previous data show that a redox-sensitive mechanism
underlies neuronal excitability to hyperoxia. However, it remains unknown how changes in pO2
affect the production of reactive oxygen and nitrogen species (RONS) in the cSC that can lead to
increased cellular excitability and with larger doses, cellular dysfunction and death. To this end,
we used fluorescence microscopy in real time to determine how normobaric hyperoxia increases
the production of key RONS in the cSC. Because neurons in the region are CO2 sensitive, we also
examined the potential effects of CO2 narcosis, used during euthanasia prior to brain slice
harvesting, on RONS production. Our findings show that normobaric hyperoxia (0.4  0.95 ATA
O2) increases the fluorescence rates of fluorogenic dyes specific to both superoxide and nitric
oxide. Interestingly, different results were seen for superoxide fluorescence when CO2 narcosis
was used during euthanasia, suggesting long-lasting changes in superoxide production and/or

1

Portions of this chapter have been previously published. The American Physiological Society permits whole
published articles to be reproduced without permission in dissertations provided it is fully cited.
Ciarlone GE, Dean JB. Normobaric hyperoxia stimulates superoxide and nitric oxide production in the caudal solitary
complex of rat brain slices. Am J Physiol Cell Physiol. doi:10.1152/ajpcell.00160.2016.
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antioxidant activity subsequent to CO2 narcosis prior to brain slicing. Further research needs to
distinguish whether the increased levels of RONS reported here are merely increases in oxidative
and nitrosative signaling or, alternatively, evidence of redox and nitrosative stress.

Introduction
The caudal solitary complex (cSC) is a site of respiratory, cardiovascular, and
gastroesophageal autonomic integration found on the dorsomedial surface of the caudal medulla
oblongata, consisting of the nucleus of the solitary tract (NTS) and the dorsal motor nucleus of the
vagus (DMNV) (18). It also serves a specific role as one of several sites of central CO2
chemoreception throughout the brain stem (18). Relative to central chemoreception, neurons in
this region, studied in the rat brain slice preparation, respond intrinsically (12) to conditions of
hypercapnic acidosis (HA) with a small depolarization of membrane potential, small reduction in
membrane conductance, and increased integrated firing rate (14). CO2-excited neurons in the cSC
also exhibit cell-to-cell coupling via gap junctions with adjoining CO2-excited neurons (13, 31,
52).
While central CO2 chemoreceptors do not respond to hypoxia in the context of hypoxic
chemoreception, certain CO2-sensitive neurons in the cSC are stimulated by hyperoxia.
Historically, the standard control O2 condition used to maintain brain tissue slices was nutrient
medium equilibrated with 0.95 atmospheres absolute (ATA) O2; hence, the only means by which
to test the effects of hyperoxia in this popular in vitro tissue preparation was to raise barometric
pressure (PB) with a pressure vessel. Using a hyperbaric chamber customized for brain slice
electrophysiology (15), we discovered that 90% of neurons tested in the cSC that were stimulated
by hyperbaric oxygen (HBO2) were also stimulated by HA and chemical oxidants (37, 39). In these
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experiments, pO2 in the superfusate was increased from 0.95 ATA + 0.05 ATA CO2 (i.e., 95% O2
+ 5% CO2 at PB ~1 ATA, ~720 mmHg O2, 40 mmHg CO2) to 2-3 ATA HBO2 (~1660-2470 mmHg
O2), normocapnic (0.05 ATA CO2). The excitatory firing rate response and decreased membrane
conductance during normocapnic HBO2 exposure was blocked using the antioxidant Trolox C, an
analog of Vitamin E, suggesting a free radical mechanism caused HBO2-induced stimulation of
firing rate. We postulated that sensitivity of CO2-chemosensitive neurons in the cSC to hyperoxia
and chemical oxidants indicated an important role for redox and nitrosative signaling in the normal
functioning of these neurons (11, 17). Furthermore, we hypothesized that activation of hyperoxicsensitive CO2-excited networks in the cSC accounted for, at least in part, the paradoxical
phenomenon of hyperoxic hyperventilation/hyperpnea (17, 20, 48, 57).
Because hyperoxia stimulates activity in cSC neurons (35, 37) and breathing in peripherally
chemo-denervated animals, which indicates a central stimulatory effect on breathing by hyperoxia
(17, 20, 57), we elected to reduce the level of control O2 aerating brain slices from 0.95 to 0.4 ATA
(i.e., 40% O2 at PB ~ 1 ATA). This seemed to be a logical approach since 0.95 ATA O2 induced
tissue hyperoxia (22, 36) and increased cell death (10), whereas 0.4 ATA O2 neither caused tissue
hypoxia (22, 36) nor cell death (10). Our rationale is that using 0.4 ATA O2 reduces the potentially
cumulative effects of redox and nitrosative stimulation and/or stress over the course of an
experiment lasting upwards of several hours (10, 17, 35). Not surprisingly, to date, we have
discovered that increasing pO2 from 0.4 to 0.9-0.95 ATA stimulates neuronal firing rate during
normocapnia and increases the firing rate response to HA (0.05 ® 0.1 ATA CO2) in CO2chemosensitive cSC neurons (35, 37). This is consistent with our theory that redox and nitrosative
stimuli participate in cSC functions, particularly CO2 chemoreception (11).
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In this study, to better understand how hyperoxia affects neuronal function in the cSC and
potentially cellular CO2 chemosensitivity, we have determined how normocapnic hyperoxia (0.95
ATA O2) at PB = 1 ATA increases production of superoxide (˙O2-) and nitric oxide (˙NO) in cSC
cells in rat brain stem slices maintained in the lower level of control O2 (0.4 ATA). In addition,
because certain cSC neurons are CO2 sensitive (14, 31, 35, 43, 45) and presumed to be involved
in central CO2 chemoreception (41, 42), we were concerned that CO2 narcosis used during
euthanasia prior to harvesting brain slices could conceivably have long lasting effects on RONS
production during subsequent O2 manipulations (in vitro) 2-6 hours later. Thus, brain slices were
collected from rats euthanatized with CO2 narcosis (+ CO2 narc) and without CO2 narcosis (- CO2
narc). Specifically, we wanted to determine if acute CO2 narcosis during euthanasia had any effects
on hyperoxia-dependent ˙O2- and ˙NO production in cSC neurons studied in brain slices. Our
findings show that normobaric hyperoxia increases RONS production in cSC neurons; however,
certain caveats exist as how to best measure RONS production in brain slices using the fluorogenic
dyes that detect ˙O2- and ˙NO. Moreover, our findings reveal that CO2 narcosis during euthanasia
influences certain aspects of RONS production in the cSC during hyperoxia; however, it does not
qualitatively affect O2-induced RONS production per se under the pharmacological conditions
defined in this study.

Materials and Methods
Tissue Preparation and Artificial Cerebrospinal Fluid (aCSF)
All experiments were performed in accordance with animal use protocols approved by the
AAALAC accredited University of South Florida Institutional Animal Care and Use Committee
(PHS assurance #A4100-01) and the Department of the Navy, Bureau of Medicine and Surgery.
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Male and female Sprague-Dawley (SD) rats (P10-42, Envigo, weaned at age P21) were
anesthetized using graded onset CO2 narcosis with hypoxia prior to euthanasia by anoxia followed
by rapid decapitation. The effects of animal age were not systematically studied. The average age
of rats in DHE experiments was 28.6 ± 1.4 postnatal days and in DAF-FM DA experiments was
18.6 ± 0.8 postnatal days. To determine the effects of CO2 narcosis with hypoxia prior to
euthanasia, a second group of animals (similar age range) was added to the study in which the SD
rats did not receive CO2 narcosis and graded hypoxia and anoxia before euthanasia (1). Rats that
received CO2 narcosis were placed in a chamber and exposed to 100% CO2 for 2-2.5 minutes and
removed for rapid decapitation once they no longer exhibited a righting reflex. The time from
euthanasia until the brain stem block of tissue was dissected free and secured in the vibratome
tissue bath ranged from 2-4 minutes. The tissue block was rinsed with and submerged in chilled
artificial cerebrospinal fluid (aCSF, see below) during this time period.
Transverse medullary tissue slices (400µm) were sectioned from a block of brain stem
tissue supported against a pillar of agar using a vibratome (model 1000, The Vibratome Company,
St. Louis, MO, USA). The block of tissue was submerged in a bath filled with chilled aCSF (24°C) equilibrated with a gas mixture of 0.95 ATA O2 and 0.05 ATA CO2. This was the only time
the brain stem block and brain slices were exposed to normobaric hyperoxia other than when it
was used as a hyperoxic stimulus during our imaging experiments. Hyperoxia was used during
brain slicing due to the comparatively greater thickness (and diffusion barrier to O2) of the brain
stem tissue block from which tissue slices were harvested. Once cut, each brain slice was
immediately removed from the vibratome tissue bath and transferred in aCSF using a disposable
pipette to aCSF equilibrated with 0.4 ATA O2, 0.05 ATA CO2, balance N2 (22-24°C) for at least
1 hour prior to administering the fluorogenic dye and beginning the experiment. Thus, time zero
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in the experimental run began at least 75 to 90 minutes following the end of brain slice harvesting.
Medullary tissue slices for these experiments contained the caudal NTS and DMNV, a region
starting at the obex and continuing rostrally for ~1.2 mm at the floor of the 4th ventricle. As
previously described (35), aCSF consisted of the following (in mM): 124 NaCl, 5 KCl, 26
NaHCO3, 1.3 MgSO4, 2.4 CaCl2, 1.24 KH2PO4, and 10 glucose.
During experimentation, the slice selected for study was placed in a heated slice chamber
(model RC-27, Warner Instruments, Hamden, CT, USA) set atop the stage of a Nikon Eclipse
TE2000-U inverted microscope. The slice was submerged and suspended between two nylon mesh
harps, enabling double-sided superfusion in warmed aCSF supplied by a peristaltic pump at 1.5
mL/min. aCSF was recirculated from the brain slice recording chamber to a 200-300mL waterjacketed reservoir (Radnoti Cat. No. 1583-201 and 1583-301) maintained at 37°C. aCSF
temperature was also maintained at 36-37°C with a dual channel automatic temperature controller
attached to the inflow line and slice bath (model TC-344B, Warner Instruments).

Normobaric Oxygen Protocols
As in a previous study (10), the rates of production of ˙O2- and ˙NO, expressed as the
change in arbitrary fluorescence intensity units per minute (∆FIU/min), were measured using real
time fluorescence microscopy. Experiments began with a 15-minute dye-loading period prior to
imaging, followed by 4 hours of continuous, recirculated superfusion with dye-containing aCSF.
Pictures were taken every 3-5 minutes with a 300ms exposure to limit photobleaching. Two
oxygen protocols were used, including 1) sustained 0.4 ATA O2 ((with 0.05 ATA CO2 + balance
N2) x 4 hours) and 2) hyperoxia ((0.4 ATA O2 x 1 hour) ® (0.95 ATA O2 x 3 hours)). For both
protocols, the first hour served as the control period for that experimental session (0.4 ATA O2)
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followed by 3 hours of exposure to the experimental condition using either 0.4 or 0.95 ATA O2
for purposes of statistical comparison. Each brain slice was tested only once using one of these
protocols to avert any potential effects of neuroplasticity resulting from O2-manipulation in the
brain slice (22, 35).
All imaging experiments used a Hoffman Modulation Contrast (HMC) extra-long working
distance (ELWD) Plan Fluor 10x objective; however, HMC optics were not a prerequisite for the
experiments. The ELWD 10x objective of the inverted microscope had ample working distance to
image neurons in focus within the bottom layers of the brain slice that was elevated off the floor
of the tissue slice chamber, suspended between two nylon mesh grids. However, higher power
objectives did not have adequate working distance to image cells in focus using two-sided
superfusion. Images were captured using a Photometrics CoolSnap HQ camera (Photometrics,
Tucson, AZ). Software used included Nikon NIS Elements AR 3.1 and 4.2 for data collection and
analysis (Nikon Instruments, Inc., Melville, NY).

Superoxide Anion
Dihydroethidium (DHE, Life Technologies) was used for the detection of ˙O2-. Upon its
reaction with ˙O2-, DHE is oxidized to its fluorescent product ethidium, which intercalates into
DNA and was detected using a Texas Red filter cube to produce an excitation/emission spectrum
of 525/590nm (Fig. 2.0A). DHE was received as a 5mM stock dissolved in 1mL of DMSO and
separated into 100µL aliquots that were stored at -20°C. DHE was added to 400mL of aCSF at a
final concentration of 2.5µM (10) and superfused over and under tissue slices in the protocols
described. Certain experiments included an inhibitor cocktail to enhance the ability of DHE to
measure ˙O2- production (35) (see below). The inhibitor cocktail contained various nitric oxide
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synthase (NOS) inhibitors and a superoxide dismutase (SOD) inhibitor, including Nw-Nitro-Larginine methyl ester (L-NAME, 1mM, Sigma) (47), 7-nitroindazole (7-NI, 100µM, Sigma) (55),
and diethyldithiocarbamate (DDC, 10µM, Sigma) (30). Superoxide undergoes two very fast
reactions that consume it, presumably before it is able to react with DHE. Specifically, ˙O2- reacts
with ˙NO to form peroxynitrite (ONOO-) and also reacts with SOD, an antioxidant enzyme that
converts ˙O2- to hydrogen peroxide (H2O2) (11). In addition, a series of positive control
experiments were run in which anoxia (0.95 ATA N2, 0.05 ATA CO2 + 1mM sodium sulfite
(Na2SO3, Sigma)) was used to stimulate ˙O2- production and DHE fluorescence via uncoupling of
and enhanced electron leak at mitochondrial electron transport chain complex III (Fig. 2.0B). A
series of negative control experiments were also run in which a cocktail of SOD mimetics (1mM
Tempol + 25µM MnTMPyP, discussed below) was used to blunt DHE fluorescence (Fig. 2.0C).

Nitric Oxide
4-amino-5-methylamino-2’,7’-difluorofluorescein

diacetate

(DAF-FM

DA,

Life

Technologies) was used for the detection of ˙NO. DAF-FM DA can passively diffuse across the
cell membrane into the cytoplasm, where intracellular esterases cleave the acetate branches to both
produce its active form that will fluoresce upon reaction with ˙NO, and trap the molecule inside
the cell. Fluorescence was detected using a FITC filter cube with an excitation emission spectrum
of 495/515nm (Fig. 2.3A). The dye was received as a 1mg pellet that was dissolved in 400µL
DMSO to produce a 5mM stock that was divided into 100µL aliquots and stored at -20°C. The dye
was added to 100mL of aCSF at a final concentration of 5µM and was superfused around brain
slices in the protocols described. Separate experiments included a cocktail of SOD mimetics that
included Tempol (1mM, Enzo) (24) and manganese(III) tetrakis(1-methyl-pyridy)porphyrin
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pentachloride (MnTMPyP, 25µM, Calbiochem) (10). A positive control protocol was also run in
which tetrahydrobiopterin (BH4, 100µM, Sigma), an essential co-factor of NOS, was administered
to stimulate ˙NO production and DAF-FM DA fluorescence (Fig. 2.3B). Additionally, a series of
negative control experiments were run in which a cocktail of NOS inhibitors (1mM L-NAME +
100µM 7-NI, discussed above) was administered to blunt DAF-FM DA fluorescence (Fig. 2.3C).

Statistical Analysis
Collected data were extracted from the Nikon NIS Elements software and imported into
Microsoft Excel and Graphpad Prism 6 for statistical analysis. The fluorescence intensity of forty
cells (10 cells/slice, 1 slice/oxygen exposure, 1 slice/rat) were collected and analyzed from each
treatment group. The changes in arbitrary fluorescence intensity units over the course of the
protocol (∆FIU/min, 1st hour versus 2nd through 4th hours) were compared within each treatment
group for statistical significance using a paired t-test, with significance set at a value of p < 0.05.
As described in the “Critique of Methods” section below, each cell served as its own control to
alleviate variability in the FIU measurements that arise from using arbitrary fluorescence intensity
values (i.e., FIU is unable to be calibrated to a known standard). Figure 2.6 illustrates the variability
in arbitrary fluorescence units between slices in control O2 during hour 1. Cells that exhibited a
plateau or drop in ∆FIU/min during the 4-hour long protocol were excluded as it was considered
an indication of either dye leakage, photobleaching, and/or cell death. To facilitate comparison
between treatment groups, data were normalized to the percent change in ∆FIU/min from hour 1
to hours 2-4 (Fig. 2.7). Data were compared using a 1-way ANOVA with Sidak’s multiple
comparisons test, with significance set at p < 0.05. All data are presented as the mean ± SE.
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Results
DHE Fluorescence for the Measurement of Superoxide (˙O2-) in cSC Cells
Positive and negative controls. Figure 2.0A shows an example of increased DHE
fluorescence in aCSF minus the cocktail of NOS and SOD inhibitors from (t) = 0 hours in 0.4 ATA
O2 and four hours later after three hours of hyperoxia (0.95 ATA O2). A positive control protocol
that activates ˙O2- production was tested using anoxic aCSF in DHE-loaded slices. Previously, we
have used anoxia + Na2SO3 in medullary tissue slices maintained with two-sided superfusion to
activate MnTMPyP-inhibitable ˙O2- production in cSC neurons (Pilla, Landon, and Dean,
unpublished data). Figure 2.0B shows the DFIU/min in DHE-loaded cSC cells in 0.4 ATA O2 and
after switching to aCSF equilibrated with 0.95 ATA N2, 0.05 ATA CO2 at PB = 1 ATA at times (t)
= 60 and 150 min. On average, anoxia significantly increased the rate (∆FIU/min) of DHE
fluorescence to 3.58 ± 0.13 as indicated by the sharp increase in DFIU/min, p < 0.0001. Switching
back to aCSF equilibrated with 0.4 ATA O2 reduced the rate of DHE fluorescence to an average
∆FIU/min of 1.22 ± 0.05 (t = 90 and 180min). In this series of experiments, a cocktail of NOS
inhibitors (L-NAME + 7-NI) was added to the aCSF to enhance the resolution in measurements of
˙O2- that was otherwise diminished by its reaction with ˙NO to form ONOO- (35) (see below).
Figure 2.0C shows the negative control protocol used to inhibit ˙O2- accumulation by exposure to
a cocktail of SOD mimetics (Tempol + MnTMPyP). No cocktail of NOS inhibitors was used in
this set of experiments. Exposure to Tempol and MnTMPyP at t = 120 minutes significantly
reduced the ∆FIU/min of baseline DHE fluorescence from 2.51 ± 0.2 to 0.5 ± 0.12 in 0.4 ATA O2,
p < 0.0001.
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Figure 2.0: DHE raw data with positive and negative controls – A) Raw DHE fluorescence images at the start (0
hours) and end (4 hours) of an experiment after exposure to 1 hour of 0.4 ATA O2 followed by 3 hours of 0.95 ATA
O2. B) A positive control experiment showing the specificity of DHE for measuring ˙O2-. Anoxia (0.95 ATA N2, 0.05
ATA CO2) was used in the presence of NOS inhibitors (L-NAME and 7-NI) and an O2 scavenger (Na2SO3) to stimulate
˙O2- production as indicated by an increase in DHE fluorescence. Anoxia administration began at the vertical dotted
lines and ended with a return to control O2 at the solid vertical lines. Inset histogram shows the average ∆FIU/min of
DHE fluorescence during anoxia was significantly increased compared to control O2. C) A negative control
experiment showing the specificity of DHE for measuring ˙O2-. SOD mimetics (MnTMPyP and Tempol) were used
in the presence of control O2 to remove ˙O2- and blunt DHE fluorescence. Administration of the SOD mimetics began
at the vertical dotted line and lasted through the end of the experiment. Inset histogram shows the average ∆FIU/min
of DHE fluorescence was significantly decreased during exposure to SOD mimetics compared to control conditions
(i.e. no pharmacological agents in the aCSF).
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Using CO2 narcosis (+ CO2 narc) prior to euthanasia. Changes in DHE fluorescence as
a function of aCSF and tissue pO2 measured in the cSC in brain slices harvested from animals that
were anesthetized with CO2 prior to euthanasia (+ CO2 narc) have been previously reported in
Figure 2 in Matott et al., 2014 (35). Additional aspects of this data set during ± CO2 narc are
presented now. Initial control O2 experiments using DHE utilized an exposure period in which
medullary tissue slices were maintained in regular aCSF equilibrated with 0.4 ATA O2, 0.05 ATA
CO2, balance N2. These experiments were done to determine the baseline rate of ˙O2- production
at a constant level of 0.4 ATA O2 over the duration of the four-hour experiment in regular aCSF.
Throughout this study, we always measured positive rates of dye fluorescence intensity, indicating
that the reactive species of interest was constantly being produced. What changed over time and
with experimental conditions were the relative rates at which ˙O2- and ˙NO were being generated.
During sustained exposure to 0.4 ATA O2 (in 0.05 ATA CO2, balance N2), in the absence of NOS
and SOD inhibitors, the rate of ˙O2- fluorescence significantly increased throughout the entire 4hour experiment (p = 0.0008) from the first hour (1.33 ± 0.11 ∆FIU/min) to the remaining three
hours (1.66 ± 0.08 ∆FIU/min) (Fig. 2.1a). Surprisingly, during the hyperoxia protocol, there was
no statistically significant change in the rate of DHE fluorescence (p = 0.1052) from the first hour
in 0.4 ATA O2 (1.21 ± 0.08 ∆FIU/min) to the remaining three hours in 0.95 ATA O2 (1.33 ± 0.04
∆FIU/min) (Fig. 2.1b) despite a trending increase during hyperoxia. Additionally, there was a
significant decrease (p < 0.0001) in the percent change from control O2 to hyperoxia (Fig. 2.7,
white columns, black histograms). These data reveal a paradoxical phenomenon we previously
reported (35) in which decreased rates of DHE fluorescence intensity are seen during a period of
increased oxygen tension and presumably RONS production compared to the control period. This
calls into question the ability of the fluorescent dye DHE to detect an increase in ˙O2- production
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before it reacts with other molecules downstream and is effectively removed. For example, ˙O2undergoes two very fast reactions that consume it presumably before it is able to react with DHE.
Specifically, ˙O2- reacts with ˙NO to form ONOO- and with SOD, an antioxidant enzyme
responsible for ˙O2-‘s conversion to H2O2, as summarized by Dean (11).
Therefore, we repeated the above two sets of experiments with aCSF containing a cocktail
of NOS inhibitors (7-NI and L-NAME) and an SOD inhibitor (DDC). Thus, by attenuating or
inhibiting the reactions anticipated to consume ˙O2- prior to its reaction with DHE, we expected to
see an increase in the overall DFIU/min in 0.4 ATA O2 and especially in 0.95 ATA O2. Compared
to the previous set of experiments, in the presence of the NOS and SOD inhibitor cocktail the rate
of ˙O2- fluorescence during the sustained 0.4 ATA O2 protocol was not different (p = 0.136)
between the first hour in 0.4 ATA O2 (2.3 ± 0.08 ∆FIU/min) and the remaining three hours in 0.4
ATA O2 (2.45 ± 0.08 ∆FIU/min) (Fig. 2.1c). However, the rate of ˙O2- fluorescence during the
hyperoxia protocol significantly increased (p < 0.0001) from the first hour in 0.4 ATA O2 (2.67 ±
0.1 ∆FIU/min) to the remaining three hours in 0.95 ATA O2 (3.38 ± 0.14 ∆FIU/min) (Fig. 2.1d),
which was different from the apparent absence of O2-sensitivity shown in panel-b. When
comparing between groups (Fig. 2.7, white columns, black histograms), the use of NOS and SOD
inhibitors significantly decreased the percent change in ∆FIU/min in control O2 (p = 0.0236), but
significantly increased the percent change during hyperoxia (p < 0.0001). No change (p = 0.5555)
was seen when comparing control O2 and hyperoxia with the use of NOS and SOD inhibitors
despite a trending increase.
No CO2 narcosis (- CO2 narc) prior to euthanasia. During these initial sustained 0.4
ATA O2 experiments there was a positive slope of increasing rate of ˙O2- fluorescence throughout
the entire four-hour exposure; however, there was a significant decrease (p = 0.0102) in the rate
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Figure 2.1: DHE fluorescence in cSC tissue with CO2 narcosis – Slopes of DHE fluorescence during experiments
in tissue from animals that received CO2 narcosis (+ CO2 narc) prior to euthanasia and tissue harvesting. Initial
experiments investigated the rate of ˙O2- production based on the ∆FIU/min of DHE fluorescence during control O2
(a) and hyperoxia (b). A second set of experiments included a cocktail of NOS and SOD inhibitors (L-NAME, 7-NI,
DDC) to attenuate the rate of ˙O2- removal. These experiments again measured the ∆FIU/min of DHE fluorescence
during control O2 (c) and hyperoxia (d). Marked groups indicated a significant change in ∆FIU/min compared to the
first (control) hour of the experiment, p < 0.05. The value at each point (0.4 or 0.95) indicates the pO2 (in ATA) during
the time period.
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of ˙O2- fluorescence between the first hour in 0.4 ATA O2 (2.97 ± 0.27 ∆FIU/min) and the
remaining three hours in 0.4 ATA O2 (2.18 ± 0.13 ∆FIU/min) (Fig 2.2a). Likewise, during the
hyperoxia protocol, there was a significant and paradoxical decrease (p = 0.0018) in the rate of
˙O2- fluorescence from the first hour in 0.4 ATA O2 (3.36 ± 0.32 ∆FIU/min) to the remaining three
hours in 0.95 ATA O2 (2.39 ± 0.15 ∆FIU/min) (Fig. 2.2b). No change (p = 0.9955) was seen in the
percent decrease seen during control O2 compared to hyperoxia (Fig. 2.7, orange columns, black
histograms).
In contrast to the previous + CO2 narc experiments (Fig. 2.1), when including the cocktail
of NOS and SOD inhibitors, significant increases were seen in the rate of ˙O2- fluorescence
between the first hour and the final three hours for both the sustained 0.4 ATA O2 and hyperoxia
protocols (Fig. 2.2c & 2.2d). In sustained 0.4 ATA O2 exposure, the rate of ˙O2- fluorescence
significantly increased (p < 0.0001) from the first hour (3 ± 0.24 ∆FIU/min) to the remaining three
hours (4.58 ± 0.24 ∆FIU/min) (Fig. 2.2c). In the hyperoxia protocol, the rate of ˙O2- fluorescence
also significantly increased (p < 0.0001) from the first hour in 0.4 ATA O2 (2.7 ± 0.13 ∆FIU/min)
to the remaining three hours in 0.95 ATA O2 (3.81 ± 0.13 ∆FIU/min) (Fig. 2.2d). Unlike slices
harvested following + CO2 narc (Fig. 2.1c & 2.1d), the relative increase in ˙O2- fluorescence
between the sustained 0.4 ATA O2 (Fig. 2.2c) and hyperoxic protocols (Fig. 2.2d) in the presence
of inhibitory cocktail was not significantly different. When comparing between groups (Fig. 2.7,
orange columns, black histograms), the use of NOS and SOD inhibitors reversed and significantly
increased the percent change in ∆FIU/min in control O2 (p = 0.0166) and during hyperoxia (p <
0.0001). Additionally, a significant decrease (p = 0.0444) was seen when comparing control O2
and hyperoxia with the use of NOS and SOD inhibitors.
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Figure 2.2: DHE fluorescence in cSC tissue without CO2 narcosis – Slopes of DHE fluorescence during
experiments in tissue from animals that did not receive CO2 narcosis (- CO2 narc) prior to euthanasia and tissue
harvesting. Initial experiments investigated the rate of ˙O2- production based on the ∆FIU/min of DHE fluorescence
during control O2 (a) and hyperoxia (b). A second set of experiments included a cocktail of NOS and SOD inhibitors
(L-NAME, 7-NI, DDC) to attenuate the rate of ˙O2- removal. These experiments again measured the ∆FIU/min of
DHE fluorescence during control O2 (c) and hyperoxia (d). Marked groups indicated a significant change in ∆FIU/min
compared to the first (control) hour of the experiment, p < 0.05. The value at each point (0.4 or 0.95) indicates the pO2
(in ATA) during the time period.
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Finally, we were able to compare data between groups to determine if CO2 narcosis had
any effects on RONS production. In control O2, the use of CO2 narcosis (+ CO2 narc, white
columns) reversed and significantly increased (p < 0.0001) the percent change of ∆FIU/min when
using aCSF with no pharmacological agents, and significantly decreased (p < 0.0001) when using
the NOS and SOD inhibitor cocktail. CO2 narcosis had no effect during the hyperoxia protocols
(Fig. 2.7).
DAF-FM DA Fluorescence for the Measurement of Nitric Oxide (˙NO) in cSC Cells
Positive and negative controls. Figure 2.3A shows an example of the increase in DAFFM DA fluorescence in control aCSF at time (t) = 0 hours in 0.4 ATA O2 and then four hours later
after three hours of hyperoxia. Figure 2.3B shows the DFIU/min of DAF-FM DA-loaded cSC cells
during exposure to 0.4 ATA O2 (t = 0 through 60 min) and 0.95 ATA O2 (t ³ 60 min) in the
presence of a cocktail of SOD mimetics (- CO2 narc). The rationale for using SOD mimetics was
to enhance the resolution of measurements of ˙NO production by accelerating the removal of ˙O2to decrease its availability to react with ˙NO and its reaction with DAF-FM DA. This was similar
to the approach we employed above using DHE to measure ˙O2-; that is, inhibit or attenuate
reactions that otherwise consume the reactive species of interest. At t = 180 min, BH4, an essential
cofactor for ˙NO production from NOS, was added to the aCSF, which significantly increased the
rate (∆FIU/min) of ˙NO production in cSC cells from 0.49 ± 0.04 to 2.08 ± 0.07 as evidenced by
the sharp rise in DFIU/min and the significant increase in intensity of fluorescence emission in
DAF-FM DA-loaded cSC cells, p < 0.0001. Figure 2.3C shows the negative control protocol used
to inhibit ˙NO production by exposure to a cocktail of NOS inhibitors at t = 150 min. Inhibition of
NOS significantly reduced the rate (∆FIU/min) of ˙NO
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Figure 2.3: DAF-FM DA raw data with positive and negative controls – A) Raw DAF-FM DA fluorescence
images at the start (0 hours) and end (4 hours) of an experiment after exposure to 1 hour of 0.4 ATA O2 followed by
3 hours of 0.95 ATA O2. B) A positive control experiment showing the specificity of DAF-FM DA to ˙NO. BH4, an
essential co-factor for NOS, was used to stimulate ˙NO production and increase DAF-FM DA fluorescence in the
presence of hyperoxia (0.95 ATA O2), which began at the vertical solid line. BH4 administration began at the vertical
dotted line and lasted through the end of the experiment. Inset histogram shows the average ∆FIU/min of DAF-FM
DA fluorescence was significantly increased during exposure to BH4 compared to control conditions (i.e. no
pharmacological agents in the aCSF). C) A negative control experiment showing the specificity of DAF-FM DA to
˙NO. NOS inhibitors (L-NAME and 7-NI) were used in the presence of hyperoxia (0.95 ATA O2, began at the vertical
solid line) to decrease NOS activity, thus decreasing ˙NO production and blunting DAF-FM DA fluorescence.
Administration of the NOS inhibitors began at the vertical dotted line and lasted through the end of the experiment.
Inset histogram shows the average ∆FIU/min of DAF-FM DA fluorescence was significantly decreased during
exposure to NOS inhibitors compared to control conditions (i.e. no pharmacological agents in the aCSF).
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production in cSC cells from 0.54 ± 0.3 to -0.01 ± 0.04 during normobaric hyperoxia as indicated
by the horizontal graph line for DFIU/min, p < 0.0001.
Using CO2 narcosis (+ CO2 narc) prior to euthanasia. The rate of ˙NO fluorescence
measured using DAF-FM DA did not change (p = 0.0575) over the course of the 4-hours of
sustained exposure to 0.4 ATA O2 (1st hr, 0.55 ± 0.03 DFIU/min versus 2nd-4th hr, 0.49 ± 0.03
DFIU/min) (Fig. 2.4a). Paradoxically, and in agreement with our conclusions from the DHE
fluorescence experiments, we saw a significant decrease (p < 0.0001) in the rate of ˙NO
fluorescence during the hyperoxia protocol from the first hour in 0.4 ATA O2 (0.87 ± 0.08
DFIU/min) to the remaining three hours in 0.95 ATA O2 (0.56 ± 0.03 DFIU/min) (Fig. 2.4b). No
change (p = 0.411) was seen in the percent decrease seen during control O2 compared to hyperoxia
despite a trending decrease (Fig. 2.7, white columns, blue histograms). The paradoxical decrease
in the rate of ˙NO fluorescence during a period of increased oxygen tension suggested that ˙NO
was reacting with ˙O2- and potentially other highly reactive derivatives of O2 before it was reacting
with DAF-FM DA. Therefore, we used a cocktail of SOD mimetics (Tempol and MnTMPyP) to
attenuate or inhibit ˙O2- accumulation in order to achieve a higher resolution measurement of the
rate of ˙NO fluorescence in our cSC cells.
When exposed to the SOD mimetic cocktail, we saw a significant decrease (p = 0.0044) in
the rate of ˙NO fluorescence during sustained exposure to 0.4 ATA O2 (1st hr, 0.36 ± 0.02
∆FIU/min versus 2nd-4th hr, 0.28 ± 0.01 ∆FIU/min) (Fig. 2.4c). By contrast, during the hyperoxia
protocol there was a significant increase (p < 0.0001) in the rate of ˙NO fluorescence from the first
hour in 0.4 ATA O2 (0.34 ± 0.02 ∆FIU/min) to the remaining three hours in 0.95 ATA O2 (0.46 ±
0.01 ∆FIU/min) (Fig. 2.4d). When comparing between groups (Fig. 2.7, white columns, blue
histograms), the use of SOD mimetics did not affect the percent decrease in ∆FIU/min in control
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Figure 2.4: DAF-FM DA fluorescence in cSC tissue with CO2 narcosis – Slopes of DAF-FM DA fluorescence
during experiments in tissue from animals that received CO2 narcosis (+ CO2 narc) prior to euthanasia and tissue
harvesting. Initial experiments investigated the rate of ˙NO production based on the ∆FIU/min of DAF-FM DA
fluorescence during control O2 (a) and hyperoxia (b). A second set of experiments included a cocktail of SOD mimetics
(MnTMPyP and Tempol) to account for ˙NO removal via its reaction with ˙O2-. These experiments again measured
the ∆FIU/min of DAF-FM DA fluorescence during control O2 (c) and hyperoxia (d). Marked groups indicated a
significant change in ∆FIU/min compared to the first (control) hour of the experiment, p < 0.05. The value at each
point (0.4 or 0.95) indicates the pO2 (in ATA) during the time period.
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O2 (p > 0.9999), but reversed and significantly increased the percent change during hyperoxia (p
< 0.0001). Additionally, a reversal and significant increase (p < 0.0001) were seen when
comparing control O2 and hyperoxia with the use of NOS and SOD inhibitors.
No CO2 narcosis (- CO2 narc) prior to euthanasia. Changes in DAF-FM DA
fluorescence intensity in tissue slices harvested from - CO2 narc animals showed similar results to
those in slices harvested from + CO2 narc animals. The rate of ˙NO fluorescence measured using
DAF-FM DA during sustained exposure to 0.4 ATA O2 did not change (p=0.3917; 1st hr, 0.6 ±
0.02 ∆FIU/min versus 2nd-4th hr, 0.58 ± 0.03 ∆FIU/min) (Fig. 2.5a). Again, during hyperoxic
experiments, the rate of ˙NO fluorescence paradoxically and significantly decreased (p=0.008)
from the first hour in 0.4 ATA O2 (0.65 ± 0.03 ∆FIU/min) to the remaining three hours in 0.95
ATA O2 (0.56 ± 0.02 ∆FIU/min) (Fig. 2.5b). No change (p > 0.9999) was seen in the percent
decrease seen during control O2 compared to hyperoxia (Fig. 2.7, orange columns, blue
histograms).
In the presence of SOD mimetic cocktail, we again saw a significant decrease in the rate
of ˙NO fluorescence (p<0.0001) during sustained exposure to 0.4 ATA O2 protocol from the first
hour (0.51 ± 0.02 ∆FIU/min) to the remaining three hours (0.41 ± 0.01 ∆FIU/min) (Fig. 2.5c).
Lastly, we saw a significant increase in the rate of ˙NO fluorescence (p=0.0025) during
the hyperoxia protocol from the first hour in 0.4 ATA O2 (0.34 ± 0.03 ∆FIU/min) to the remaining
three hours in 0.95 ATA O2 (0.44 ± 0.02 ∆FIU/min) (Fig. 2.5d). When comparing between groups
(Fig. 2.7, orange columns, blue histograms), the use of SOD mimetics did not affect the percent
decrease in ∆FIU/min in control O2 (p = 0.9456), but reversed and significantly increased the
percent change during hyperoxia (p = 0.0002). Additionally, a reversal and significant increase (p
< 0.0001) were seen when comparing control O2 and hyperoxia with the use of SOD mimetics.
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Figure 2.5: DAF-FM DA fluorescence in cSC tissue without CO2 narcosis – Slopes of DAF-FM DA fluorescence
during experiments in tissue from animals that did not receive CO2 narcosis (- CO2 narc) prior to euthanasia and tissue
harvesting. Initial experiments investigated the rate of ˙NO production based on the ∆FIU/min of DAF-FM DA
fluorescence during control O2 (a) and hyperoxia (b). A second set of experiments included a cocktail of SOD mimetics
(MnTMPyP and Tempol) to account for ˙NO removal via its reaction with ˙O2-. These experiments again measured
the ∆FIU/min of DAF-FM DA fluorescence during control O2 (c) and hyperoxia (d). Marked groups indicated a
significant change in ∆FIU/min compared to the first (control) hour of the experiment, p < 0.05. The value at each
point (0.4 or 0.95) indicates the pO2 (in ATA) during the time period.
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Finally, quantitative analysis showed CO2 narcosis had no effects on the percent change of the
∆FIU/min for DAF-FM DA measurements during exposure to control O2 and hyperoxia (Fig. 2.7).

Discussion
There were four new findings in this study that used 400µm-thick, transverse brain slices harvested
from male and female Sprague-Dawley rats (P³10) that were maintained in 0.4 ATA control O2 at
35-37°C with two-sided aCSF superfusion. 1) Normobaric hyperoxia (0.95 ATA O2) increases
production of ˙O2- and ˙NO in cSC cells in brain slices harvested ± CO2 narcosis; however, 2)
detecting increased production of ˙O2- and ˙NO during hyperoxia in cSC cells (± CO2 narc) using
the fluorogenic dyes DHE and DAF-FM DA, respectively, requires inhibition of the coupled,
concurrent biochemical reactions that otherwise consume ˙O2- and ˙NO and blunt or abolish
measureable changes in ∆FIU/min. 3) The use of CO2 narcosis and hypoxia during euthanasia
prior to harvesting brain tissue slices influences ˙O2- production and/or its removal in the cSC
during exposure to 0.4 ATA O2. This suggests rapid onset, long-lasting changes (hours) in ˙O2production and/or antioxidant activity may be occurring subsequent to the use of + CO2 narc prior
to brain slice harvesting. 4) Regardless, CO2 narcosis does not affect RONS production per se
during hyperoxia; that is, in both types of brain slices (± CO2 narc), hyperoxia still activates
˙O2- and ˙NO production during normobaric hyperoxia using the pharmacological conditions
defined in this study.

Critique of Methods
The challenges of using O2 in brain slices—unintended consequences of tissue
hyperoxia. The results reported here and elsewhere (7, 8, 35, 37, 39) support the hypothesis that
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a significant level of oxidative signaling is ongoing in cSC neurons exposed to hyperoxia that
needs to be acknowledged and considered as likely modulating redox sensitive mechanisms
present in the brain slice network (35, 37, 39). We postulate that the increased levels of ˙O2- and
˙NO reported here underlie the stimulatory effects of hyperoxia on the firing rate of cSC neurons
(7, 16, 17, 35, 37) and, in part, the hyperoxic hyperventilatory response in mammals (17, 48). The
effects of hyperoxic stimuli induced in brain slices superfused with aCSF equilibrated with 95%
O2, however, have rarely been considered in a study’s design or the interpretation of its data (16).
Oxygen is a drug that has an optimal dose for maintaining homeostatic regulation of brain
and body, which is defined by the tissue pO2. Typically, tissue pO2 ranges from <10 to 35 mmHg
in the intact CNS of an air breathing mammal (16, 32). Deviations from the optimal dose or range
of tissue pO2 rapidly degrades neurological function according to the oxygen concentration
product; that is, the level of pO2 and the duration of exposure to abnormally low or high pO2. Too
little oxygen and the brain becomes hypoxic and neural activity is depressed (54). Too much
oxygen and CNS oxygen toxicity occurs, ultimately manifested as seizures (5). Regardless, an
unstated fact by those who use the rodent brain slice preparation (£400 µm thick) is that any data
collected using aCSF equilibrated with 95% O2 (bicarbonate buffer) or 100% O2 (HEPES buffer)
has been influenced by the background of hyperoxic stimulation occurring in the control and
experimental protocols employed in their studies2.

2

Likewise, other types of reduced neural tissue preparations that use 95% O2 are hyperoxic; for example, the isolated
brain stem-spinal cord preparation (46) and the working heart brain stem-spinal cord preparation (59). The use of 95%
O2 in the latter preparation is a particularly surprising choice since the nutrient medium replacing blood is actually
perfused through the intact vascular system. And while the medium lacks hemoglobin, it is nonetheless equilibrated
with such a high level of O2 that the resulting pO2 of the medium and therefore neural tissue is unphysiologically
elevated despite the low overall O2 content of the perfusion medium (recall that O2 content is O2 bound to hemoglobin
plus physically dissolved O2, which defines the pO2).
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Many investigators defend the use of 95% O2 by stating the high level of O2 is needed to
offset the decreased O2 content3 of the nutrient medium, which lacks hemoglobin. However, even
without hemoglobin, using 95% O2 in the medium reservoir creates an infinite supply of O2 for
the slice and establishes an overwhelming inward O2 diffusion gradient that results in excessive
tissue oxygenation. At the level of the tissue slice bath, dissolved O2 in the superfusate is exposed
to the overlying atmosphere, which has a lower pO2, and rapidly diffuses out of the outermost
layers of aCSF (15, 36). Approximately 350-450µm below the fluid-gas interface covering the
slice, the diffusion barrier created by solution depth establishes a constant level of higher pO2 in
the aCSF of ~700 mmHg. Deeper down, ~400µm above the surface of the submerged slice, pO2
in the aCSF drops precipitously as O2 is consumed by the metabolizing brain slice (36). Under
these conditions, the surface of a submerged brain slice that is 300µm (medulla oblongata) and
400µm (hippocampus) thick, which is superfused over both surfaces with warmed aCSF (1-2
mL/min) measures, on average, ~440 mmHg in the cSC (36) and ~330 mmHg in the CA1
hippocampus (22). At the core, tissue pO2 is, on average, ~300 mmHg (cSC, 150µm) and ~115
mmHg (CA1 hippocampus, 200µm). Astonishingly, this range of tissue slice pO2 is equivalent to
that measured in the intact CNS of a rat breathing ~2-3 ATA O2 (16, 32). Superfusing a brain slice
with aCSF equilibrated with 95% O2, therefore, produces a range of tissue pO2 in the slice that is
best described as hyperbaric oxygen minus the additional stimulus of increased pressure per se
(16, 38).
How much “hyperbaric” oxygen is the brain slice experiencing? Based on measurements
in rats (16, 32), it is comparable to brain pO2 in a mammal inspiring pure O2 at the equivalent of

3

Recall that O2 content of blood is defined as O2 that is physically dissolved in plasma, which sets the arterial pO2,
plus that which is chemically combined to hemoglobin and does not contribute to arterial pO2; however, O2 released
from hemoglobin does contribute to arterial pO2.
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33-66 feet of sea water (FSW). In the U.S. Navy Diving Manual (44), the maximum bottom time
spent at 50 FSW breathing pure O2 from a rebreather during a single-depth dive is limited to 10
minutes; Table 19-4 (44). Moreover, for a dive of 20 FSW or less, the maximum duration allowable
for a brief excursion down to 41-50 FSW while breathing 100% O2 is only 5 minutes; Table 19-3
(44). Beyond these O2-exposure limits, the diver’s risk increases for onset of seizures due to CNS
oxygen toxicity. By comparison, rodent brain slices are routinely bathed in 95% O2, the equivalent
of breathing 33-66 FSW (16, 32) of O2 for upwards of 6-12 hours and even longer (6).
Despite the obvious state of hyperoxia in the submerged brain slice (300-400µm thick,
aCSF equilibrated with 95% O2 delivered at 1-2 mL/min), Turner and colleagues (56) have
proposed that it is necessary to elevate tissue pO2 using 95% O2 and to increase tissue oxygenation
even further using extremely fast flow rates of aCSF approaching 15 mL/min (26, 27). They
postulate that the higher pO2 is necessary to offset the loss of neuronal-vascular coupling
mechanisms in the brain slice that normally sustain energy metabolism during and following
intense neural stimulation. In the intact CNS, there is a persistent state of oxidation during neural
activation, which consumes oxygen stores and causes a drop in tissue pO2 as reserves of O2 are
depleted. Regional tissue oxidation is replaced by “prolonged and heightened reduction”. The
“initial dip” in pO2 during neural stimulation is often followed by focal tissue hyperemia and
hyperoxygenation. In contrast, in the brain slice, normal neuronal-vascular coupling mechanisms
are absent, and oxygen, which is no longer perfusion limited, becomes diffusion limited during
periods of intense neural activation. Consequently, regional tissue pO2 becomes low—but not
necessarily hypoxic—during and following neural stimulation, and tissue reduction replaces
oxidation (56). Increasing background oxygenation, they propose, compensates for the normal
“hyperoxygenation” that occurs otherwise (in vivo) following normal and intense neural activity.
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Restoring the “overshoot of pO2” by using 95% O2, however, comes with what additional,
unrecognized consequences of hyperoxia? Hyperoxygenation alters cellular functions through
several mechanisms as follows: upregulation of oxidative phosphorylation (49); the narcotic
properties of oxygen4 as defined by its partial pressure and lipid solubility in the plasma membrane
that alter ion channel configurations (4, 9, 29); and increased production of various RONS
resulting from the sequential reduction of molecular oxygen (10). The evidence to date indicates
that neurons in different nuclei are not equally affected by hyperoxia (or hypoxia), exhibiting
regional differences in cellular oxygen consumption, antioxidant capacity, accumulation of RONS,
and thus electrical signaling; this study (10, 33, 36). What has not been considered in these studies,
however, is what level of O2 is required to offset the lack of neuronal-vascular coupling, if that is
indeed the problem. What has often been ignored is the fact that in the same hippocampal slice
preparation, using 95% O2 increases CA1 cell death over 4 hours and enhances the rate of ˙O2production in the outermost layers of the brain slice (10). The assumption made by previous
investigators is that tissue hyperoxia is promoting normal electrophysiology in the hippocampal
slice; however, the alternative hypothesis is that hyperoxia and RONS production is unnaturally
stimulating electrophysiological mechanisms that are otherwise attenuated in a brain slice devoid
of impinging synaptic inputs that normally excite and disinhibit neural networks. Consequently, it
is conceivable that increased production of RONS under hyperoxic conditions is activating redoxsensitive physiological mechanisms that are unaccounted for in the study’s design and
interpretation of the data.

4

Oxygen narcosis is a real phenomenon based on the gas’ physical properties (29) that determines the resting volume
of the plasma membrane and modulates ionic conductances of channels penetrating the plasma membrane. It is an
essentially impossible to measure the effects of O2’s narcotic properties given the rapidity with which molecular O2 is
sequentially reduced to yield various O2 and N2 free radicals and their highly reactive derivatives.
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We would propose that background oxygenation is an experimental variable that must be
considered and its effects identified to fully understand any cellular mechanism under investigation
in the brain slice preparation. In this context, it is noteworthy that studies that have varied the
background level of tissue pO2, using non-hypoxic and hyperoxic stimuli, report that hyperoxia
(95% O2) alters cellular sensitivity to physiological stimuli; for example, hyperoxia decreases
cellular thermosensitivity in hypothalamic neurons (50) and increases cellular CO2
chemosensitivity in cSC neurons (7). This raises the following questions: what is the role of energy
metabolism and redox signaling in neuronal thermosensitivity in the hypothalamus and CO2
chemoreception in the brain stem?
Going forward, we would propose that brain slice oxygenation is an experimental variable
whose effects on RONS production, oxidative metabolism, and plasma membrane volume must
be reconsidered, studied, and understood rather than assumed as representing normoxia and thus
inconsequential.
Use of fluorescent dyes for the measurement of RONS. Using DHE and DAF-FM DA
to measure RONS activity in the cSC of medullary slices is challenging, but possible once the
limitations of the dyes are appreciated and followed. The first limitation is that RONS production
is measured in uncalibrated, arbitrary fluorescence units. Consequently, there is a certain degree
of variability in the starting baseline fluorescence in 0.4 ATA O2 between different brain slices, as
illustrated in Fig. 2.6. This inherent variability in the starting level of fluorescence in control O2
made it difficult to compare between groups using different slices, particularly since differences
in baseline fluorescence were observed due to the use of pharmacological cocktails to inhibit
downstream redox reactions (black asterisks) and whether or not CO2 narcosis occurred prior to
brain slicing (red asterisks). Thus, we normalized the data by expressing the DFIU/min as a
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Figure 2.6: DHE and DAF-FM DA first hour control O2 fluorescence – This figure represents the average
∆FIU/min for the first hour of all experiments in this study, with dots representing each cell within a specific group to
depict variability within each group. Note that, because this graph represents the first hour of each experiment, the
level of O2 was 0.4 ATA in all cases, regardless of whether hours 2-4 were spent in control O2 (C) or hyperoxia (H).
Black stars indicate a significant drug-dependent difference in baseline fluorescence, while red stars indicate a
significant CO2 narc-dependent difference. Blue stars indicate the only case in which a significant difference was seen
based purely on variability. Also note that because significant differences were seldom and not exclusive to changes
in any one condition, variability in baseline fluorescence measurements are most likely due to the fact that FIU are
reported in arbitrary units that cannot be appropriately standardized to time.
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percentage of the change in fluorescence during hours 2-4 relative to the first hour; i.e. Fig. 2.7
(discussed below). The second important limitation we discovered was that other RONS,
antioxidants, targets within the cells, or some combination of the foregoing were consuming the
reactive species of interest before it could react with the dye itself. In retrospect, this should be
expected when attempting to measure highly reactive molecules with short half-lives in an active
physiological system. Thus, pharmacological intervention was required to remove, or at least
attenuate, various downstream molecules that otherwise compete with the species of interest before
it can react with the fluorogenic dye. The result is that the rate of ˙O2- and ˙NO production during
hyperoxia was underestimated or missed, in essence a false-negative result. The degree to which
this occurs, however, seems to vary between neural regions; for example, increases in ˙O2- were
easily detected in CA1 hippocampal neurons without using inhibitor cocktails (10), whereas
measurements in the cSC require a cocktails of inhibitors (this study).

Hyperoxia and RONS Production
The ultimate goal of this study was to measure the changes in ∆FIU/min using DHE and
DAF-FM DA during hyperoxia, the hypothesis being that ∆FIU/min would increase during
hyperoxia under normal conditions indicating increases in the rate of ˙O2- and ˙NO production.
Figure 2.7 thus illustrates that not only does the ∆FIU/min decrease during hyperoxia compared to
the control level of 0.4 ATA O2 for both dyes under normal aCSF conditions (without
pharmacological intervention of downstream reactions), but that the decreases we saw were the
direct result of other molecules competing with our dyes for their intended targets. Upon
introduction of the pharmacological cocktails that inhibited downstream reactions, we see our
expected increases in ∆FIU/min for both dyes during hyperoxia compared to control, revealing
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Figure 2.7: DHE and DAF-FM DA ∆FIU/min percent change – Histograms depicting the percent change in the
∆FIU/min from the first (control) hour of each set of experiments compared to hours 2-4 (experimental period). Black
and blue bars indicated DHE and DAF-FM DA fluorescence experiments, respectively. Solid and striped bars
indicated the lack or presence of a pharmacological cocktail, respectively. Additionally, white columns represent data
from slices that were dissected from rats that received CO2 narcosis (+ CO2 narc) prior to euthanasia, while orange
columns were from slices that were dissected from rats that did not receive CO2 narcosis (- CO2 narc). Black stars
indicate a significant drug-dependent difference within each colored column compared to the experiment that used
aCSF with no pharmacological agents. Blue stars signify a significant O2-dependent difference in slices exposed to
0.95 ATA O2 compared to control O2, and are specific comparisons based on pharmacological use and ± CO2 narc. A
h symbol represents a significant effect of CO2 narcosis specific to O2 level and use of pharmacological agents.
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that pharmacological intervention is crucial for the proper measurement of our RONS of interest
in cSC cells. Future studies seeking to measure specific RONS should consider not only its reaction
with other RONS and antioxidant enzymes, but with lipids, proteins, and DNA as well.

Superoxide
DHE (normal aCSF) ± CO2 narc. The rate of DHE fluorescence during sustained
exposure to 0.4 ATA O2 in the absence of pharmacological cocktail showed a continual increase
over the entire four hours, with the rate of ˙O2- fluorescence during the final three hours of the
experiment exceeding that measured during the first hour (Fig. 2.1a). Because ˙NO production in
0.4 ATA O2 (Fig. 2.4a, c, discussed below) either did not change or decreased over the course of
the four hours under identical test conditions, these data suggest that the increased ∆FIU/min
measured using DHE in panel 2.1a was mostly dependent on increased production and/or
decreased removal of ˙O2- over time. When exposed to 0.95 ATA O2, we saw no further increase
in the ∆FIU/min compared to the control hour in 0.4 ATA O2 (Fig. 2.1b), which we attributed to
active consumption of ˙O2- by both SOD and ˙NO as discussed in further detail in the next section.
The foregoing discussion considered only results using brain slices harvested from rats that
had undergone CO2 narcosis (+ CO2 narc) during euthanasia. Now we consider the response to
sustained exposure to 0.4 ATA O2 using brain slices harvested from rats that that did not receive
CO2 narcosis (- CO2 narc) to determine the effects, if any, of CO2 narcosis on ˙O2- (and ˙NO)
production in cSC cells. When CO2 narcosis was withheld (- CO2 narc), during the sustained 0.4
ATA O2 protocol we saw a significant decrease in the ∆FIU/min from the first hour to the
remaining three hours (Fig. 2.2a), which was in stark contrast to the increase we saw in + CO2 narc
tissue (Fig. 2.1a). Again, no change was seen in ˙NO production using the identical test protocol,
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suggesting other means of ˙O2- production and/or removal may play a role that clearly were not
occurring in slices harvested from rats undergoing CO2 narcosis and hypoxia during euthanasia.
For example, one possibility is that the activity of SOD, which is a major source of ˙O2- removal
by its conversion into H2O2, decreases, which has been shown to occur in response to mild acidotic
challenges (25). However, further research must be done to isolate which sources of ˙O2production or removal, if any, could be affected by CO2 narcosis during euthanasia. Data from the
hyperoxia protocol (Fig. 2.2b) agreed with the results seen in + CO2 narc tissue, again thought to
be the result of its consumption through reaction with ˙NO and SOD. In comparison to the + CO2
tissue that resulted in no change in DHE fluorescence in 0.95 ATA O2 (Fig. 2.1b), our - CO2 narc
tissue showed a relatively smaller amount of DHE fluorescence during hyperoxia compared to 0.4
ATA O2 (Fig. 2.2b); however, in both cases of ± CO2 narc, hyperoxia did not increase DHE
fluorescence.
DHE (aCSF with NOS/SOD inhibitor cocktail) ± CO2 narc. As reported in a previous
study (35), the paradoxical decreases in ˙O2- fluorescence despite a heightened pO2 suggested that
consumption of ˙O2- by its reactions with SOD and ˙NO could be blunting DHE fluorescence. In
this case, we again used a cocktail of NOS and SOD inhibitors to minimize reaction of ˙O2- with
molecules other than DHE. The mitochondria are a predominant source of ˙O2- in the cell, and
enhanced ˙O2- production during hyperoxia could easily overtake mitochondrial SOD and escape
into the cytosol. In addition, it should be noted that the SOD inhibitor (DDC) used in this study
acts by inhibiting only the CuZnSOD isoforms, leaving the mitochondria-specific isoform
(MnSOD) intact (2). The effectiveness with which DDC enhanced DHE fluorescence during
hyperoxia suggests that a significant amount of ˙O2- production also occurs outside the
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mitochondria. Potential sources include NADPH oxidase enzymes at the plasma and nuclear
membranes (28, 34).
When examining + CO2 narc tissue, we saw no change in the ∆FIU/min over the course of
the four-hour protocol in 0.4 ATA O2 (Fig. 2.1c). However, during hyperoxia we saw an increased
∆FIU/min compared to the control hour of the protocol (Fig. 2.1d). These data suggest that
hyperoxia is able to increase ˙O2- production, but that its detection in the cSC is dependent on the
removal of other highly reactive species that react with it downstream.
When our cocktail of NOS and SOD inhibitors was used in – CO2 narc tissue during the
sustained 0.4 ATA O2 protocol, an increase was seen during the final three hours compared the
first hour of the experiment (Fig. 2.2c), again in contrast to the results seen in + CO2 narc tissue
(Fig. 2.1c). This suggests the sources of ˙O2- outside the mitochondria (e.g. NADPH oxidase) could
be affected by CO2 narcosis and graded hypoxia, and was an unexpected result as the hypothesis
only predicted increases during hyperoxia. We also saw an increase in ∆FIU/min during the last
three hours of the hyperoxia protocol compared to the control hour (Fig. 2.2d), which indicates
and increase in ˙O2- during hyperoxia exposure to the inhibitory cocktail. Unlike slices harvested
following + CO2 narc (Fig. 2.1c & 2.1d), the relative increase in ˙O2- production between the
sustained 0.4 ATA O2 protocol (Fig. 2.2c) and the 0.95 ATA O2 hyperoxia protocol (Fig. 2.2d) in
the presence of inhibitory cocktail were similar in that both increased during hours 2-4. This could
be due to simply using a concentration of NOS and SOD inhibitors that do not completely abolish
˙NO and H2O2 production. Thus, ˙NO, albeit at decreased levels, is still free to react with ˙O2- and
blunt DHE fluorescence such that the difference in ˙O2- production in 0.4 and 0.95 ATA O2 during
hours 2-4 are similar. For example, notice that in Figures 2.4 and 2.5, the trend is for ˙NO
fluorescence to decrease over time during hours 2-4 in 0.4 ATA O, which mirrors the increase in
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˙O2- fluorescence seen under the same conditions. This suggests that less ˙NO is reacting with ˙O2during hours 2-4, hence the increased DFIU/min in DHE experiments. Additionally, it also
suggests that + CO2 narc tissue has compromised MnSOD, leading to higher amounts of detectable
mitochondrial-derived ˙O2-, while – CO2 narc tissues retains its normal MnSOD function. If so,
these results would be expected under conditions of NOS and CuZnSOD inhibition, in addition to
compromised MnSOD and the mitochondria serving as the predominate source of ˙O2- in the cell.

Nitric Oxide
DAF-FM DA (normal aCSF) ± CO2 narc. As expected, the ∆FIU/min of DAF-FM DA
fluorescence did not change over the course of the sustained 0.4 ATA O2 protocol (Fig. 2.4a). In
accordance with our observations with ˙O2- fluorescence, we saw a decreased ∆FIU/min for ˙NO
during 0.95 ATA O2 (Fig. 2.4b), hypothesized to be due to consumption by O2-induced increases
in ˙O2-. The lack of CO2 narcosis (- CO2 narc) prior to euthanasia did not have any significant
effects on ˙NO fluorescence measured in cSC neurons as a function of pO2. The sustained 0.4 ATA
O2 and hyperoxia protocols showed no change (Fig. 2.5a) and a decrease (Fig. 2.5b) compared to
the first hour, respectively, in agreement with what was seen in + CO2 narc tissue.
DAF-FM DA (aCSF with SOD mimetic cocktail) ± CO2 narc. Our next set of
experiments used a cocktail of SOD mimetics in an effort to remove ˙O2- and its consumption of
˙NO, as discussed above. As expected, data collected in + CO2 narc tissue exposed to the SOD
mimetics cocktail showed an increased ∆FIU/min during 0.95 ATA O2 compared to 0.4 ATA O2
(Fig. 2.4d), despite an unexpected decrease during the control O2 protocol (Fig. 2.4c). This finding
is particularly important as it suggests that, in the context of detecting increases in reactive species
with our fluorogenic dyes, not only does ˙NO decrease ˙O2- accumulation, but that ˙O2- decreases
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local ˙NO levels as well. The latter situation has shown to be of importance in a model of CNS
oxygen toxicity, where ˙O2- takes on a protective role by blunting O2-dependent increases in ˙NO,
effectively prolonging ˙NO-induced increases in cerebral blood flow and increasing seizure
latency (19, 46, 59). In – CO2 narc tissue with the SOD mimetic cocktail, we again saw an increase
in ∆FIU/min during 0.95 ATA O2 (Fig. 2.5d) and a decrease over time during control O2 (Fig.
2.5c).
These results suggest that NOS, its substrates, and its cofactors (e.g. arginine, BH4) were
left relatively intact and their activity unchanged when challenged by severe hypercapnic acidosis,
cellular acidosis, and hypoxia (during narcosis, dissection, and preparation for slicing). This
consistency between ± CO2 narc tissue is in contrast to the several changes observed in our
measurements of ˙O2- under similar conditions.

CO2 Narcosis and Graded Hypoxia during Euthanasia: Consequences for Brain
Slices
Many neuroscientists claim that they omit using CO2 anesthesia during euthanasia to avert
its consequences on brain function; however, we have actually tested this hypothesis in the present
study and its companion study (8). The data shown above strongly suggest a connection between
the common administration of CO2 narcosis prior to animal euthanasia and tissue harvesting, and
altered production and/or removal of ˙O2-. In addition to the potential wide-spread acidosis that
occurs from such a high dose of inspired CO2 (51), extreme hypercapnia decreases afferent input
from the peripheral nervous system and slows EEG activity (21), increases phosphorylation of
ERK1/2 in cardiorespiratory regions of the brain stem (53), decreases inflammatory cytokines such
as IL-1 and MCP-1 (3), and can result in seizures (58). Additionally, another study noted
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significantly increased levels of glutamate in Wistar rat hippocampi and cerebellar tissue, but not
prefrontal cortex or amygdala, following faster rates of CO2 euthanasia (23); however, there was
no comparison to euthanasia without CO2 narcosis. A separate study in SD rats reported varying
decreases in dopamine and 5-HT in the caudate nucleus, nucleus accumbens, hippocampus, and
substantia nigra following CO2 anesthesia (40). In this study, CO2 narcosis has been shown to only
affect DHE fluorescence during control O2 regardless of pharmacological intervention (Fig. 2.7).
Despite having no effects on DAF-FM DA fluorescence, CO2 narcosis has been shown to affect
downstream RONS production in this study’s companion (8). Therefore, the data discussed here
and the examples shown above suggest the use of CO2 narcosis prior to euthanasia should be
considered when analyzing data acquired from tissue harvested from animals exposed to these
conditions, if not limited or omitted to reduce the risk of decreasing the physiological relevance of
subsequent in vitro experiments.

Conclusions and Future Directions
In this study, we have shown that normobaric hyperoxia (0.95 ATA), which is typically
used as control O2 in brain slices, stimulates production of primary RONS in cSC cells under
pharmacologically defined conditions. Future research should seek to determine if normobaric
hyperoxia leads to production of RONS downstream from those measured in this study (i.e.
secondary RONS), which are generally more associated with increased markers of oxidative and
nitrosative stress, cell death, and increased excitability. Free radical production walks a fine line
between oxidative and nitrosative signaling, which is a normal physiological function, and redox
and nitrosative stress, which can lead to cellular dysfunction and death. It is interesting to note that
similar manipulations in pO2 lasting 8 to 25 minutes in the same slice preparation has reversible
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and repeatable effects on the electrophysiological activity of neurons in the cSC (35, 37). This
suggests that these O2 manipulations may be activating normal redox-sensitive cellular signaling
mechanisms. The only way, however, to determine if neurons are being deleteriously affected by
protracted exposure to hyperoxia is to use biomarkers of cell death (10) and redox and nitrosative
stress (7).
Because breathing is stimulated by hypercapnia (18, 41-43) and hyperoxia (48), and the
cSC is a site of central CO2 chemoreception and respiratory control that is activated by increases
in pCO2 and pO2 (35, 37), this study provides further support for considering the consequences of
1) using CO2 narcosis and hypoxia prior to euthanasia and tissue slice harvesting, and 2) selecting
the level of control oxygenation. Using a lower level of O2 in brain slices will limit the
neuromodulatory effects of hyperoxia on cSC neuronal function as well as limit the potential
oxidative and nitrosative stress that may lead to cell death over time. It should also be noted that
while under certain conditions ˙O2- levels did not increase as expected between 0.4 and 0.95 ATA
O2 (Fig. 2.1b, 2.2b), that 0.4 ATA O2 still produces a relatively high pO2 at the surface of the tissue
slice where most of the fluorescing cells measured were located (22, 35, 36). Accordingly, even
lower levels of O2 may be needed to produce a physiologically relevant pO2 at the surface of the
tissue slice and observe our hypothesized O2-dependent changes in ˙O2-. The largest source of
cellular ˙O2- is the mitochondrial electron transport chain; therefore, background pO2 levels are
increasingly important as normal cellular respiration is constant, O2-dependent, and does not rely
on enzymatic activity. However, an even lower O2 tension may require thinner slices to avoid too
low of a pO2 at the core of the slice and maintain sufficient cellular metabolism in the absence of
proper perfusion and neuronal-vascular coupling mechanisms. Our previous measurement of
metabolism in 300 µm-thick transverse medullary brain slices indicate that two-sided superfusion
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with warmed aCSF equilibrated with 0.2 ATA O2 results in a metabolically-inactive, non-viable
brain slice based on our estimates of tissue O2 consumption (36). Thus, the optimal pO2 that
minimizes RONS production in the cSC while maintaining a viable medullary slice may lie
between 0.2 and 0.4 ATA O2.
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CHAPTER 3:
ACUTE HYPERCAPNIC HYPEROXIA STIMULATES REACTIVE SPECIES
PRODUCTION IN THE CAUDAL SOLITARY COMPLEX OF RAT BRAIN SLICES
BUT DOES NOT INDUCE OXIDATIVE STRESS1

Abstract
Central CO2 chemoreceptive neurons in the caudal solitary complex (cSC) are stimulated
by hyperoxia via a free radical mechanism. Hyperoxia has been shown to increase superoxide and
nitric oxide in the cSC, but it remains unknown how changes in pCO2 during hyperoxia affect the
production of O2-dependent reactive oxygen and nitrogen species (RONS) downstream that can
lead to increased levels of oxidative and nitrosative stress, cellular excitability, and potentially,
dysfunction. We used real time fluorescence microscopy in rat brain slices to determine how
hyperoxia and hypercapnic acidosis (HA) modulate one another in the production of key RONS,
as well as colorimetric assays to measure levels of oxidized and nitrated lipids and proteins. We
also examined the effects of CO2 narcosis and hypoxia prior to euthanasia and brain slice
harvesting, as these neurons are CO2 sensitive and hypothesized to employ CO2/H+ mechanisms
that exacerbate RONS production and potentially oxidative stress. Our findings show that
hyperoxia ± HA increases the production of peroxynitrite and its derivatives, while increases in

1

Portions of this chapter have been previously published. The American Physiological Society permits whole
published articles to be reproduced without permission in dissertations provided it is fully cited.
Ciarlone GE, Dean JB. Acute hypercapnic hyperoxia stimulates reactive species production in the caudal solitary
complex of rat brain slices but does not induce oxidative stress. Am J Physiol Cell Physiol.
doi:10.1152/ajpcell.00161.2016.
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Fenton chemistry are most prominent during hyperoxia + HA. Using CO2 narcosis prior to
euthanasia modulates cellular sensitivity to HA post-mortem and enhances the magnitude of the
peroxynitrite pathway, but blunts the activity of Fenton chemistry. Overall, hyperoxia and HA do
not result in increased production of markers of oxidative and nitrosative stress as expected. We
postulate this is due to antioxidant and proteosomal removal of damaged lipids and proteins to
maintain cell viability and avoid death during protracted hyperoxia.

Introduction
The caudal solitary complex (cSC) is an area of cardiorespiratory integration found near
the caudodorsal surface of the medulla oblongata that consists of the nucleus of the solitary tract
(NTS) and the dorsal motor nucleus of the vagus (DMNV). It serves as one of many sites that
make up the broad network of central CO2-chemoreceptors that control cardiorespiration and
gastroesophageal functions (13). As a central chemosensitive area, neurons in this area are
intrinsically excitable when exposed to hypercapnic acidosis (HA) (10). Interestingly, these CO2chemosensitive neurons are sensitive to increased O2 as well via a free radical mechanism (21). A
companion study (5) has demonstrated that increasing O2 from 0.4 to 0.95 atmospheres absolute
(ATA) causes increased production of superoxide (˙O2-) and nitric oxide (˙NO) in the cSC in rat
medullary tissue slices.
Dean (9) has reviewed several mechanisms by which RONS production could affect
cellular excitability and viability and contribute to the stimulatory effects observed in cSC neurons
during exposure to hyperoxia and HA. Initially, an increase in pO2 stimulates increased production
of ˙O2- and ˙NO (5). ˙O2- is converted to hydrogen peroxide (H2O2) by superoxide dismutase
(SOD), which then undergoes the Fe2+-catalyzed Fenton reaction to produce hydroxyl radicals
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(˙OH). H2O2 can also be neutralized to non-reactive byproducts by antioxidants such as catalase
and peroxidases (16). ˙O2- also quickly reacts with ˙NO to form peroxynitrite (ONOO-), which in
turn reacts with CO2, ultimately forming nitrosoperoxocarboxylate (ONO2CO2-) that dissociates
into carbonate (˙CO3-) and nitrogen dioxide (˙NO2) radicals. In summary, in a bicarbonate buffered
system, CO2 exacerbates these various O2-dependent RONS reactions by directly reacting with
ONOO-, or through its conversion to protons that stimulates the release of iron from its carrier
protein, transferrin, and catalyzes the Fenton reaction. Overall, these various reactive species can
participate in normal physiological signaling mechanisms (14) or, when accumulated in larger
concentrations, attack neurons resulting in oxidative and nitrosative stress (e.g. DNA/protein/lipid
damage). Therefore, it is important to understand not only how O2 and CO2 stimulate RONS
production both individually and in concert, but also if these various RONS contribute to cellular
signaling, including increased excitability and neuronal chemosensitivity, and eventually,
oxidative and nitrosative stress and cell death.
Therefore, we used the fluorogenic dye, dihydrorhodamine 123 (DHR123), to measure an
aggregate pool of RONS comprised of H2O2, ˙OH, ONOO-, ˙CO3-, and ˙NO2 as a function of CO2
and O2. In the presence of HCO3- and O2, CO2 reacts with ONOO- to produce ˙CO3- and ˙NO2, and
H+ activates the release of iron from transferrin to catalyze the production of ˙OH from H2O2. The
six goals for this study, which was conducted in cSC cells in rat brain stem slices maintained in
0.4 ATA O2 + 0.05 ATA CO22, were to determine: 1) if normocapnic hyperoxia (0.95 ATA O2 +
0.05 ATA CO2)3 alone can stimulate increases in RONS that form downstream of ˙O2- and ˙NO;
2) if HA (0.1 ATA CO2)4 exacerbates the production of downstream RONS during control O2 and

2

40% O2 + 5% CO2 + 55% N2 at barometric pressure (PB) of 1 ATA
95% O2 + 5% CO2 at PB of 1 ATA
4
40% or 90% O2 + 10% CO2 at PB of 1 ATA (50% N2 at 40% O2)
3

85

hyperoxia; 3) what the relative contributions of ONOO- and its derivatives (˙CO3- and ˙NO2) are
to overall DHR123 fluorescence when measuring aggregate RONS production; 4) what the
contribution of the Fenton pathway (H2O2 ® ˙OH) is to overall DHR123 fluorescence; and 5) how
hyperoxia alone and in concert with HA affects RONS-induced oxidative and nitrosative stress
over time. Additionally, as in our companion study (5), we wanted to determine 6) what effects, if
any, graded CO2 narcosis with hypoxia and anoxia prior to euthanasia had on RONS production
during O2 and CO2 manipulation in brain slices.

Materials and Methods
Tissue Preparation and Artificial Cerebrospinal Fluid (aCSF)
All experiments were performed in accordance with animal use protocols approved by the
AAALAC accredited University of South Florida Institutional Animal Care and Use Committee
(PHS assurance #A4100-01) and the Department of the Navy, Bureau of Medicine and Surgery.
Transverse medullary tissue slices (400µm) were prepared using a vibratome (model 1000, The
Vibratome Company, St. Louis, MO, USA) filled with chilled artificial cerebrospinal fluid (aCSF,
2-4°C) equilibrated with a gas mixture of 0.95 ATA O2 and 0.05 ATA CO2. This was the only time
the brain slices were exposed to normobaric hyperoxia other than when used as an O2 stimulus
during our experiments. Brain slices were then transferred with a disposable pipette to an aCSFfilled dish equilibrated with 0.4 ATA O2, 0.05 ATA CO2, balance N2 at room temperature for at
least 1 hour prior to experiment onset. Thus, the experimental run began 60 minutes following the
end of brain slice harvesting; i.e., time, t = 0. Medullary tissue slices for these experiments
contained the NTS and DMNV, a region starting at obex and continuing rostrally for ~1-2mm at
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the floor of the 4th ventricle. aCSF consisted of the following (in mM): 124 NaCl, 5 KCl, 26
NaHCO3, 1.3 MgSO4, 2.4 CaCl2, 1.24 KH2PO4, and 10 glucose.

Fluorescence Microscopy
Male and female Sprague-Dawley (SD) rats (P13-40, Envigo, weaned at age P21) were
anesthetized using CO2 narcosis prior to euthanasia. As in the companion study (5), a second group
of animals was added in which the SD rats did not receive CO2 narcosis before euthanasia. The
average age of rats was 23.3 ± 1.1 postnatal days in control aCSF experiments, 26.7 ± 1.2 postnatal
days in experiments using aCSF with uric acid, and 28.1 ± 1.2 postnatal days in experiments using
aCSF with deferoxamine.
RONS aggregate pool fluorescence. Dihydrorhodamine 123 (DHR123, Life
Technologies) was used to measure the rate of production of an aggregate pool of RONS, including
H2O2, ˙OH, ONOO-, ˙CO3-, and ˙NO2. DHR123 passively diffuses across the cell membrane and
is oxidized to rhodamine 123 by its free radical targets, after which it is localized to the
mitochondria and fluoresces. Fluorescence was detected using a FITC filter cube
(excitation/emission 495/515nm). DHR123 was received as a 5mM stock dissolved in 1mL DMSO
and separated into 100µL aliquots that were stored at -20°C. DHR123 was added to 100mL of
aCSF at a final concentration of 10µM and superfused over brain slices in the protocols described.
Separate experiments included the use of either the ONOO- scavenger uric acid (3µM, Sigma) or
the iron chelator deferoxamine (100µM, Sigma) (24).
Normobaric hyperoxia and hypercapnic acidosis protocols. During experimentation,
slices were placed in a heated slice chamber (model RC-27, Warner Instruments, Hamden, CT,
USA) set atop the stage of a Nikon Eclipse TE2000-U inverted microscope. The slice was
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submerged and suspended between two nylon mesh harps, enabling double-sided superfusion in
warmed aCSF supplied by a peristaltic pump at 1.5 mL/min. aCSF was recirculated to a 200300mL water-jacketed reservoir (Radnoti Cat. No. 1583-201 and 1583-301) maintained at 37°C.
aCSF temperature was also maintained at 36-37°C with a dual channel automatic temperature
controller attached to the inflow line and slice bath (model TC-344B, Warner Instruments).
Protocols began with a 15-minute dye-loading period prior to imaging, followed by a 4hour incubation during which pictures were taken every 5 minutes with a 300ms exposure to limit
photobleaching. Four incubation protocols were utilized, including sustained control O2 (0.4 ATA
O2, 0.05 ATA CO2, balance N2), hyperoxia (0.95 ATA O2, 0.05 ATA CO2), HA (0.4 ATA O2, 0.1
ATA CO2, balance N2), and hypercapnic hyperoxia (0.9 ATA O2, 0.1 ATA CO2). As in the first
paper in this set (5), during each protocol, the first hour served as a control period in 0.4 ATA O2,
0.05 ATA CO2, balance N2 followed by 3 hours of exposure to experimental gas conditions using
either 0.4 ATA O2 ± HA or 0.9/0.95 ATA O2 ± HA. pH of the extracellular medium (i.e. aCSF)
ranges from ~7.38 during normocapnic control O2 to ~7.32 during normocapnic hyperoxia. During
HA, these values acidify to ~7.09 and ~7.04 in control O2 and hyperoxia, respectively.
All imaging experiments used a Hoffman Modulation Contrast (HMC) extra-long working
distance (ELWD) Plan Fluor 10x objective; however, HMC optics were not a prerequisite for the
experiments. Images were captured using a Photometrics CoolSnap HQ camera (Photometrics,
Tucson, AZ). Software used included Nikon NIS Elements AR 3.1 and 4.2 for data collection and
analysis (Nikon Instruments, Inc., Melville, NY).
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Colorimetric Assays
Male and female Sprague-Dawley (SD) rats (P16-29, Envigo, weaned at age P21) were
rapidly decapitated without prior use of CO2 narcosis prior to tissue dissection. The average age
of rats used for the TBARS assay was 21 ± 0.5 postnatal days, and the average age of rats used for
the protein carbonyl and 3-nitrotyrosine assays was 20.8 ± 0.1 postnatal days.
Normobaric protocols. Following tissue extraction and slicing, individual brain stem
slices were placed in a water jacketed tissue bath (Radnoti Cat. No. 158400) that was connected
to a recirculating heating pump that kept the aCSF bath at 36°C. Slices equilibrated for one hour
at room temperature in 0.4 ATA O2, 0.05 ATA CO2, balance N2 as previously mentioned, after
which the aCSF began warming and gassing for its respective protocol. Normobaric exposures
included control O2 ± HA (0.4 ATA O2, 0.05-0.1 ATA CO2, balance N2), and normobaric
hyperoxia ± HA (0.95-0.9 ATA O2, 0.05-0.1 ATA CO2). Tissue slices were removed and processed
at either t = 1 or t = 4 hours. Tissue was also removed and processed for each assay at the end of
the 1-hour equilibration period (t = 0 hours).
Hyperbaric protocols. Following tissue extraction and slicing, individual brain stem slices
were placed in a small hyperbaric chamber (320 mL internal volume) with a removable Plexiglas
tissue bath, thermometer, and pressure gauge. The chamber was connected to a recirculating
heating pump that kept the aCSF at 35°C. Slices were incubated for one hour at room temperature
in the Plexiglas chamber under control conditions. At the end of the 1-hour equilibration period,
the Plexiglas chamber was placed within the hyperbaric chamber, at which time the aCSF began
to warm, the chamber was closed and sealed, and was then pressurized to 15 psi gauge pressure (2
ATA) with the gas mixture for each respective protocol. Hyperbaric exposures included hyperoxia
± HA (1.9-1.95 ATA O2, 0.05-0.1 ATA CO2). pH values in normocapnic hyperbaric oxygenated
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media were generally more alkaline as previously reported (26), ~7.51. The pH of HBO2 media
with HA significantly acidified to ~7.06, thus matching the pH of normobaric media with HA
despite the alkaline shift seen during HBO2 alone. Tissue slices were removed and processed at
either t = 1 or t = 4 hours.
TBARS assay protocol. Malondialdehyde (MDA) concentration for our samples was
measured using the TBARS (TCA Method) Assay Kit (Cayman Chemical, Item No. 700870). At
the end of each sample’s respective exposure, tissue slices were weighed, placed in a 1.5mL
microcentifuge tube, and immersed in 250µL of RIPA buffer (Sigma-Aldrich) with 2.5µL Halt
protease and phosphatase inhibitor cocktail (100x, Thermo scientific) as specified by the assay
protocol. The sample was then sonicated on ice for 15 seconds and centrifuged at 1,600 x g for 10
minutes at 4°C. 250µL of supernatant was then transferred to a clean 1.5mL microcentrifuge tube
and frozen at -80°C until the assay was to be run. When enough samples were collected, they were
thawed and run through the assay kit protocol. All reagents were prepared and the protocol was
run as per the kit instructions. The processed samples were loaded into a clear 96 well plate and
had their absorbance read at 540nm by a BioTek ELx800 plate reader using Gen5 software.
Corrected absorbance values were plotted against the assay’s standard curve to yield MDA
concentration, and was divided by the total tissue weight of each respective sample. Each sample
(n) contained three to four 400µm medullary tissue slices from a single rat. At the end of an
exposure, slices were transferred from the aCSF bath to a dry dish for weighing. Slices were then
slowly removed so as to leave behind as much liquid on the dish as possible. The dish was then
reweighed, and the net weight used as tissue “dry” weight. Combined tissue slice weight ranged
from 23.3mg to 49.3mg (average 36.5mg).
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Protein carbonyl assay protocol. Protein carbonyl content was measured using the
protein carbonyl colorimetric assay kit (Cayman Chemical, Item No. 10005020). At the end of
each sample’s respective exposure, tissue slices were briefly rinsed in 0.01M PBS and weighed.
The tissue was then placed in a 1.5mL microcentifuge tube and immersed in 600µL of buffer
specified by the assay protocol, in this case 50mM KH2PO4, 1mM EDTA, pH = 6.7. The sample
was then sonicated on ice for 10 seconds and centrifuged at 10,000 x g for 15 minutes at 4°C. The
supernatant was then divided into two microcentrifuge tubes: 450µL to be used for the protein
carbonyl assay, and 150µL to be used for both the 3-NT assay and BCA assay. Samples were then
frozen at -80°C until the assay was to be run. When enough samples were collected, they were
thawed and run through the assay kit protocol. All reagents were prepared and the protocol was
run as per the kit instructions. The processed samples were loaded into a clear 96 well plate and
had their absorbance read at 370nm by a BioTek µQuant plate reader using KCjunior software.
Corrected absorbance for each sample signified total protein carbonyl content, and was divided by
the total protein content established by the BCA assay. Each sample (n) contained three to four
400µm medullary brain stem slices from two rats. Combined tissue slice weight ranged from
37.4mg to 144.8mg (average 99.9mg).
3-nitrotyrosine assay protocol. 3-NT concentration was measured using the OxiSelect
Nitrotyrosine ELISA kit (STA-305, Cell Biolabs, Inc.). At the end of each samples’ respective
exposure, tissue underwent the protocol described above for the protein carbonyl assay. When
enough samples were collected, they were thawed and run through the assay kit protocol using the
same amount of tissue. All reagents were prepared and the protocol was run as per the kit
instructions. The samples had their absorbance read at 450nm by a BioTek ELx800 plate reader
using Gen5 software. This assay utilized competitive binding that resulted in a reverse standard
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curve. When analyzing the data, the standard curve was plotted on a logarithmic x-axis and utilized
a logarithmic trend line. Outlying points on the curve were removed to produce the strongest R2
value. The equation for the trend line was then used to calculate each samples’ respective 3-NT
concentration. Each [3-NT] was then divided by the total protein content established by the BCA
assay.
BCA assay protocol. Total protein content for our samples was measured using the
microplate procedure of the BCA protein assay kit (Thermo scientific, Product No. 23227). When
enough samples were collected, they were thawed and run through the assay kit protocol. All
reagents were prepared and the protocol was run as per the kit instructions. The samples had their
absorbance read at 570nm by a BioTek ELx800 plate reader using Gen5 software. Corrected
absorbance values were plotted against the assay’s standard curve to yield total protein content for
each sample that was used to standardize values for the protein carbonyl and 3-NT assays.

Statistical Analysis
Fluorescence microscopy. Collected data were extracted from the Nikon NIS Elements
software and imported into Microsoft Excel and GraphPad Prism 6 for statistical analysis. Forty
cells (10 cells/slice, 1 slice/rat, 1 rat/run) were collected and analyzed from each treatment group.
The changes in arbitrary fluorescence intensity units over the course of the protocol (∆FIU/min)
were compared within each treatment group for statistical significance using a paired t test. Cells
that exhibited a plateau or drop in ∆FIU/min during the 4-hour long protocol were excluded as it
was considered an indication of either dye leakage, photobleaching, and/or cell death. To facilitate
comparison between treatment groups, due to variability in baseline arbitrary fluorescence units in
control O2 (e.g., see Fig. 3.3), data were normalized as the percent change from the control hour
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of each experiment to the experimental hours (2-4). Comparison between groups utilized a 1-way
ANOVA with Sidak’s multiple comparison test, with significant set at a value of p < 0.05. All data
is presented as the mean ± SE.
Colorimetric assays. Collected data were extracted from the respective plate reader
software into Microsoft Excel and GraphPad Prism 6 for analysis. Four experiments worth of tissue
was collected and analyzed from each treatment group. The changes in each marker of oxidative
or nitrosative stress were compared between treatment groups for statistical significance using
either an unpaired t-test or a 1-way ANOVA with Sidak’s multiple comparisons test, with
significance set at a value of p < 0.05. All data are presented as the mean ± SE.

Results
Fluorescence Microscopy
Figure 3.0 shows a representative cSC tissue slice at the beginning (hour 0) and end (hour
4) of an experiment, as well as an example of a raw data trace during an exposure to 0.95 ATA O2,
0.05 ATA CO2 (hours 2-4) after exposure to control conditions (0.4 ATA O2, 0.05 ATA CO2, bal
N2) for the first hour. The inset of Fig. 3.0B shows the average rate of DHR123 fluorescence,
∆FIU/min, for both control O2 and hyperoxia.
Dihydrorhodamine (DHR) 123 fluorescence for the measurement of aggregate RONS.
Using CO2 narcosis (+ CO2 narc) prior to euthanasia. In these experiments, DHR123 was
used to determine production of an aggregate pool of RONS downstream to ˙O2- and ˙NO. This
includes H2O2 and ˙OH, which are downstream of ˙O2-‘s reaction with SOD, ONOO- (the product
of the reaction of ˙O2- and ˙NO), and ˙CO3- and ˙NO2, which are end products of ONOO- and its
reaction with CO2 to form ONO2CO2- (9).
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Figure 3.0: DHR123 raw data – A) Raw DHR123 fluorescence images at the start (0 hours) and end (4 hours) of an
experiment after exposure to 1 hour of 0.4 ATA O2, 0.05 ATA CO2, 0.55 ATA N2, followed by 3 hours of 0.95 ATA
O2, 0.05 ATA CO2 in the presence of aCSF with deferoxamine measure in – CO2 narc tissue. B) The corresponding
trace of the raw data shown above. A vertical black line at t = 60 minutes indicates the switch from control O2 to
hyperoxia. Deferoxamine administration began at t = 0 minutes and lasted throughout the experiment.
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In normal aCSF, during the control O2 protocol of sustained exposure to 0.4 ATA O2, the
rate of DHR123 fluorescence remained positive throughout the entire 4 hours of recording,
indicating a continuous production of aggregate RONS during equilibration with 0.4 ATA O2.
However, during hours 2-4 (10.3 ± 0.13 ∆FIU/min), the rate of RONS production significantly
decreased (p < 0.0001) compared to the first hour (13.6 ± 0.13 ∆FIU/min), Fig. 3.1A (left). During
the hyperoxia protocol, there was a significant decrease (p < 0.0001) in the rate of DHR123
fluorescence from the first hour in 0.4 ATA O2 (11.5 ± 0.43 ∆FIU/min) to the final three hours in
0.95 ATA O2 (9.3 ± 0.28 ∆FIU/min), Fig. 3.1C (left). During the HA protocol, there was a
significant decrease (p = 0.0001) in the rate of DHR123 fluorescence from the first hour in 0.4
ATA O2, 0.05 ATA CO2 (9.5 ± 0.18 ∆FIU/min) to the final three hours in 0.4 ATA O2, 0.1 ATA
CO2 (8.6 ± 0.18 ∆FIU/min), Fig. 3.1B (left). There was a significant decrease (p < 0.0001) in the
rate of DHR123 fluorescence during the hypercapnic hyperoxia protocol from the first hour in 0.4
ATA O2, 0.05 ATA CO2 (13.9 ± 0.37 ∆FIU/min) to the final three hours in 0.9 ATA O2, 0.1 ATA
CO2 (10.2 ± 0.21 ∆FIU/min), Fig. 3.1D (left).
The difference between groups in Fig. 3.1 (and Fig. 3.2) in baseline fluorescence intensity
in control O2 (0.4 ATA) during the first hour was due to the variability in initial arbitrary
fluorescence units between slices. The most prominent example occurring midway through the
study after upgrading our fluorescence software (Fig. 3.3, upgraded from version 3.1 to 4.2). To
resolve this problem, we chose to standardize and represent the data as the percent change of the
∆FIU/min from the control hour to the remaining three hours (Fig. 3.4), which ultimately allowed
for quantitative statistical analysis between groups to achieve a better understanding of the effects
of gas mixture, drug treatment, and ± CO2 narcosis on free radical production.
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Figure 3.1: DHR123 fluorescence in cSC tissue with CO2 narcosis – Slopes of DHR123 fluorescence in arbitrary
units during experiments in tissue from animals that received CO2 narcosis (+ CO2 narc) prior to euthanasia and tissue
harvesting. Initial experiments investigated the rate (∆FIU/min) of DHR123 fluorescence during normal conditions
(left column) for the previously described protocols, including A) control O2 with normocapnia (0.4 ATA O2, 0.05
ATA CO2, balance N2), B) control O2 with HA (0.4 ATA O2, 0.1 ATA CO2, balance N2), C) hyperoxia with
normocapnia (0.95 ATA O2, 0.05 ATA CO2), and D) hyperoxia with HA (0.9 ATA O2, 0.1 ATA CO2). A second set
of experiments included treatment with uric acid (middle column) to scavenge ONOO- to focus on the measurement
of H2O2 and ˙OH. A third set of experiments included treatment with deferoxamine (right column) to scavenge iron
and slow the Fenton reaction to focus on the measurement of ONOO- and its derivatives resulting from its reaction
with CO2 (˙CO3- and ˙NO2). Marked groups indicated a significant change in ∆FIU/min compared to the first (control)
hour of the experiment, p < 0.05. The top value at each point (0.4 or 0.95) indicates the pO2 (in ATA) during the time
period, while the bottom value at each point (0.05 or 0.1) indicates the pCO2 (in ATA) during the time period.
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When comparing between groups (Fig. 3.4, white columns, black histograms), the percent
decrease in ∆FIU/min was significantly less in control O2 with HA (p < 0.0001) and normocapnic
hyperoxia (p = 0.0352), but not different during hypercapnic hyperoxia (p > 0.9999) when
compared to normocapnic control O2.
No CO2 narcosis (- CO2 narc) prior to euthanasia. DHR123 fluorescence in tissue
harvested from animals that did not receive CO2 narcosis before euthanasia exhibited similar
results to the above results in slices harvested from + CO2 narc rats. During the sustained 0.4 ATA
O2 protocol, the rate of DHR123 fluorescence significantly decreased (p < 0.0001) from the first
hour in 0.4 ATA O2 (10.7 ± 0.3 ∆FIU/min) to the last three hours in 0.4 ATA O2 (9.1 ± 0.23
∆FIU/min), Fig. 3.2A (left). Similar decreases were seen during the hyperoxia, HA, and
hypercapnic hyperoxia protocols. During the hyperoxia protocol, a significant decrease (p <
0.0001) in DHR123 fluorescence was seen between the first hour in 0.04 ATA O2 (9.6 ± 0.18
∆FIU/min) and the last three hours in 0.95 ATA O2 (8.4 ± 0.17 ∆FIU/min), Fig. 3.2C (left). During
the HA protocol, there was a significant decrease (p < 0.0001) in the rate of DHR123 fluorescence
between the first hour in 0.4 ATA O2, 0.05 ATA CO2 (11.5 ± 0.32 ∆FIU/min) and the final three
hours in 0.4 ATA O2, 0.1 ATA CO2 (9.3 ± 0.17 ∆FIU/min), Fig. 3.2B (left). During the
hypercapnic hyperoxia protocol, we saw a significant decrease (p = 0.0118) in the rate of DHR123
fluorescence between the first hour in 0.4 ATA O2, 0.05 ATA CO2 (11.6 ± 0.31) and the final three
hours in 0.9 ATA O2, 0.1 ATA CO2 (11 ± 0.19), Fig. 3.2D (left).
Thus, as in the preceding paper (5), which measured ˙O2- and ˙NO using fluorogenic dyes
in brain slices harvested from ± CO2 narc rats, the expected elevation in RONS production during
control O2 (+ HA) and hyperoxia (± HA), likewise, was not detected using DHR123 and normal
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aCSF; that is, aCSF not supplemented with pharmacological inhibitors of downstream reactions
whose products compete with the dye’s reaction with the reactive species of interest.
As described above, normalizing the DFIU/min during hours 2-4 as a percent change
relative to that in hour 1 permitted between group comparisons (Fig. 3.4, orange columns, black
histograms). The percent change in ∆FIU/min during the hypercapnic control O2 (p = 0.7994) and
normocapnic hyperoxia (p = 0.9967) protocols were not different than normocapnic control O2,
however the percent decrease in DFIU/min during hypercapnic hyperoxia was significantly less
than normocapnic control O2 (p = 0.0015).
When analyzing data within groups (Fig. 3.1 vs. Fig. 3.2), CO2 narcosis seemed to have no
qualitative effects on aggregate RONS production as the ∆FIU/min of DHR123 fluorescence
decreased over time regardless of treatment. When analyzing data between groups represented as
percent change from control (Fig. 3.4, black histograms), the results were mixed. We saw that
using CO2 narcosis resulted in a significantly larger decrease in DHR123 fluorescence in
normocapnic control O2 (p = 0.0005) and hypercapnic hyperoxia (p < 0.0001), a significantly
smaller decrease in DHR123 fluorescence in hypercapnic control O2 (p = 0.03), and had no effect
in normocapnic hyperoxia (p = 0.8462).
DHR123 fluorescence: uric acid. This set of experiments used uric acid as a scavenger of
ONOO-. This, in turn, inhibits or attenuates the CO2 + ONOO- reaction that produces ONO2CO2that dissociates into ˙CO3- and ˙NO2 radicals. Thus, DHR123 fluorescence is more directly focused
on H2O2 and ˙OH production via the Fenton reaction. DHR123 becomes oxidized in the cytosol to
rhodamine 123 and enters the mitochondria to produce a fluorescent signal. Therefore, it is
possible DHR123 could underestimate the activity of H2O2 production and subsequent Fenton
chemistry within the mitochondria.
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Figure 3.2: DHR123 fluorescence in cSC tissue without CO2 narcosis – Slopes of DHR123 fluorescence in
arbitrary units during experiments in tissue from animals that did not receive CO2 narcosis (- CO2 narc) prior to
euthanasia and tissue harvesting. Initial experiments investigated the rate (∆FIU/min) of DHR123 fluorescence during
normal conditions (left column) for the previously described protocols, including A) control O2 with normocapnia
(0.4 ATA O2, 0.05 ATA CO2, balance N2), B) control O2 with HA (0.4 ATA O2, 0.1 ATA CO2, balance N2), C)
hyperoxia with normocapnia (0.95 ATA O2, 0.05 ATA CO2), and D) hyperoxia with HA (0.9 ATA O2, 0.1 ATA CO2).
A second set of experiments included treatment with uric acid (middle column) to scavenge ONOO- to focus on the
measurement of H2O2 and ˙OH. A third set of experiments included treatment with deferoxamine (right column) to
scavenge iron and slow the Fenton reaction to focus on the measurement of ONOO- and its derivatives resulting from
its reaction with CO2 (˙CO3- and ˙NO2). Marked groups indicated a significant change in ∆FIU/min compared to the
first (control) hour of the experiment, p < 0.05. The top value at each point (0.4 or 0.95) indicates the pO2 (in ATA)
during the time period, while the bottom value at each point (0.05 or 0.1) indicates the pCO2 (in ATA) during the time
period.
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Figure 3.3: DHR123 first hour control O2 fluorescence – Summary of the baseline ∆FIU/min values in arbitrary
units during the control hour of all experiments. The vertical line in the center of the figure indicates when our
fluorescence software was upgraded from NIS Elements AR 3.1 to NIS Elements AR 4.2, essentially changing the
scale of our arbitrary fluorescence units.
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Using CO2 narcosis (+ CO2 narc) prior to euthanasia. When focusing specifically on
aggregate RONS presumed to result in large part from the Fenton reaction, we saw a significantly
decreased (p < 0.0001) rate of DHR123 fluorescence during the sustained 0.4 ATA O2 protocol
from the first hour in 0.4 ATA O2 (13.5 ± 0.25 ∆FIU/min) to the remaining three hours in 0.4 ATA
O2 (11.1 ± 0.38 ∆FIU/min), Fig. 3.1A (middle). During the hyperoxia protocol, we again saw a
significantly decreased (p < 0.0001) rate of DHR123 fluorescence from the first hour in 0.4 ATA
O2 (13.2 ± 0.34 ∆FIU/min) to the final three hours in 0.95 ATA O2 (10.6 ± 0.24 ∆FIU/min), Fig.
3.1C (middle). We saw a significantly decreased (p < 0.0001) rate of DHR123 fluorescence during
HA from the first hour in 0.4 ATA O2, 0.05 ATA CO2 (14.9 ± 0.36 ∆FIU/min) to the final three
hours in 0.4 ATA O2, 0.1 ATA CO2 (11 ± 0.26 ∆FIU/min), Fig. 3.1B (middle). We saw a
significant decrease (p = 0.0004) in the rate of DHR123 fluorescence during the hypercapnic
hyperoxia protocol from the first hour in 0.4 ATA O2, 0.05 ATA CO2 (13.8 ± 0.64 ∆FIU/min) to
the final three hours in 0.9 ATA O2, 0.1 ATA CO2 (12.5 ± 0.39 ∆FIU/min), Fig. 3.1D (middle).
When comparing between groups (Fig. 3.4, white columns, red histograms), the percent
decrease in ∆FIU/min compared to the normocapnic control O2 protocol was significantly more (p
= 0.0236) during the hypercapnic control O2 protocol, was not different (p > 0.9999) during the
normocapnic hyperoxia protocol, and was significantly less (p = 0.0109) during the hypercapnic
hyperoxia protocol.
No CO2 narcosis (- CO2 narc) prior to euthanasia. When CO2 narcosis was not used during
euthanasia, similar results were seen to the above with the exception of the HA protocol. The rate
of DHR123 fluorescence significantly decreased (p < 0.0001) during the sustained 0.4 ATA O2
protocol from the first hour in 0.4 ATA O2 (8.8 ± 0.25 ∆FIU/min) to the remaining three hours in
0.4 ATA O2 (7.1 ± 0.22 ∆FIU/min), Fig. 3.2A (middle). A significant decrease (p = 0.0464) in the
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rate of DHR123 fluorescence was seen during the hyperoxia protocol from the first hour in 0.4
ATA O2 (7.7 ± 0.16 ∆FIU/min) to the final three hours in 0.95 ATA O2 (7.2 ± 0.14 ∆FIU/min),
Fig. 3.2C (middle). During the HA protocol the rate of DHR123 fluorescence significantly
decreased (p = 0.0056) from the first hour in 0.4 ATA O2, 0.05 ATA CO2 (6.5 ± 0.24 ∆FIU/min)
through the final three hours in 0.4 ATA O2, 0.1 ATA CO2 (6.2 ± 0.21 ∆FIU/min), Fig. 3.2B
(middle). In stark contrast to experiments using + CO2 narc tissue, during the hypercapnic
hyperoxia protocol, the rate of DHR123 fluorescence significantly increased (p = 0.0282) from the
first hour in 0.4 ATA O2, 0.05 ATA CO2 (6.6 ± 0.15 ∆FIU/min) to the final three hours in 0.9 ATA
O2, 0.1 ATA CO2 (7 ± 0.09 ∆FIU/min), Fig. 3.2D (middle).
When comparing between groups (Fig. 3.4, orange columns, red histograms), the percent
decrease in ∆FIU/min compared to the normocapnic control O2 protocol was significantly less (p
< 0.0001) during hypercapnic control O2 and normocapnic hyperoxia. Moreover, we saw an
increase in the percent change during hypercapnic hyperoxia, which was statistically significant
compared to control (p < 0.0001).
When analyzing data within groups (Fig. 3.1 vs Fig. 3.2), CO2 narcosis again seemed to
have no qualitative effects on aggregate RONS production as the ∆FIU/min of DHR123
fluorescence decreased over time except during hypercapnic hyperoxia in – CO2 narc tissue as
discussed above. When analyzing data between groups represented as percent change from control
(Fig. 3.4, red histograms), we saw that the percent decrease in ∆FIU/min was significantly more
when using CO2 narcosis in hypercapnic control O2 (p < 0.0001) and normocapnic hyperoxia (p <
0.0001), and even reversed from a percent increase to a percent decrease in hypercapnic hyperoxia
(p = 0.0208), but had no effect during normocapnic control O2 (p = 0.9996).
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Figure 3.4: DHR123 ∆FIU/min percent change – Summary of the percent change in the ∆FIU/min during all
normoxic and hyperoxic protocols (± HA). Each bar indicates the percent change in ∆FIU/min from the control hour
(normoxia, 0.4 ATA O2) to the final three hours (treatment indicated above) of each set of experiments. Black bars
indicate the use of normal aCSF with no pharmacological agents added, while red and blue bars indicate the use of
aCSF with uric acid and deferoxamine, respectively. Data within the white columns indicate measurements were made
in + CO2 narc tissue, while data within the orange columns indicate measurements were made in – CO2 narc tissue.
Black, red, or blue stars over a bar of the same color indicate significance compared to control conditions (0.4 ATA
O2, 0.05 ATA CO2, bal N2), and are ± CO2 narc-specific. A h symbol over any color bar indicates significance
compared to + CO2 narc tissue for each pharmacological- and gas-specific treatment.
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To summarize, the expected elevation in RONS production during control O2 (+ HA) and
hyperoxia (± HA) only occurred during hypercapnic hyperoxia in – CO2 narc tissue when using
DHR123 and aCSF supplemented with uric acid. With only this one exception, the results were
remarkably similar to those observed in brain slices harvested from ± CO2 narc rats that were
maintained in normal aCSF. Additionally, we were able to see a more pronounced contribution of
the Fenton reaction to DHR123 fluorescence in – CO2 narc tissue.
DHR123 fluorescence: deferoxamine. These experiments utilized deferoxamine as an
iron chelator in order to inhibit binding of DHR123 to H2O2 (which requires a transition metal)
and to inhibit the Fenton reaction, which converts H2O2 to ˙OH and requires free iron. Thus,
DHR123 fluorescence was focused specifically on ONOO- and its reaction with CO2 to form
ONO2CO2- that dissociates into ˙CO3- and ˙NO2 radicals.
Using CO2 narcosis (+ CO2 narc) prior to euthanasia. During the sustained 0.4 ATA O2
protocol, the rate of DHR123 fluorescence significantly increased (p < 0.0001) from the first hour
in 0.4 ATA O2 (7.7 ± 0.23 ∆FIU/min) to the remaining three hours in 0.4 ATA O2 (8.8 ± 0.14
∆FIU/min), Fig. 3.1A (right). We saw a significant increase (p < 0.0001) in the rate of DHR123
fluorescence during the hyperoxia protocol from the first hour in 0.4 ATA O2 (8.4 ± 0.19
∆FIU/min) to the final three hours in 0.95 ATA O2 (11.1 ± 0.16 ∆FIU/min), Fig. 3.1C (right). We
saw a significant increase (p < 0.0001) in rate of DHR123 fluorescence during the HA protocol
from the first hour in 0.4 ATA O2, 0.05 ATA CO2 (7.3 ± 0.34 ∆FIU/min) to the final three hours
in 0.4 ATA O2, 0.1 ATA CO2 (8 ± 0.26 ∆FIU/min), Fig. 3.1B (right). Finally, we saw a significant
increase (p < 0.0001) in the rate of DHR123 fluorescence during the hypercapnic hyperoxia
protocol from the first hour in 0.4 ATA O2, 0.05 ATA CO2 (6.5 ± 0.42 ∆FIU/min) to the final three
hours in 0.9 ATA O2, 0.1 ATA CO2 (8.5 ± 0.32 ∆FIU/min), Fig. 3.1D (right).
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When comparing between groups (Fig. 3.4, white columns, blue histograms), the percent
increase in ∆FIU/min compared to the normocapnic control O2 protocol was not significantly
different (p = 0.8146) during the hypercapnic control O2 protocol, but was significantly increased
during the normocapnic hyperoxia (p < 0.0001) and hypercapnic hyperoxia (p < 0.0001) protocols.
No CO2 narcosis (- CO2 narc) prior to euthanasia. When CO2 narcosis was not used we
saw a different result during our sustained 0.4 ATA O2 protocol. In this case, we saw a significant
decrease (p < 0.0001) in the rate of DHR123 fluorescence during the first hour in 0.4 ATA O2 (7.2
± 0.29 ∆FIU/min) to the remaining three hours in 0.4 ATA O2 (6.5 ± 0.19 ∆FIU/min), Fig. 3.2A
(right). During the hyperoxia protocol, we saw a significant increase (p < 0.0001) in the rate of
DHR123 fluorescence from the first hour in 0.4 ATA O2 (7.1 ± 0.1 ∆FIU/min) to the final three
hours in 0.95 ATA O2 (8 ± 0.1 ∆FIU/min), Fig. 3.2C (right). No changes in the rate of DHR123
fluorescence were seen during the HA protocol (p = 0.8081) from the first hour 0.4 ATA O2, 0.05
ATA CO2 (7.8 ± 0.31 ∆FIU/min) to the final three hours in 0.4 ATA O2, 0.1 ATA CO2 (7.9 ± 0.18
∆FIU/min), Fig. 3.2B (right). We also saw a significant increase (p < 0.0001) in rate of DHR123
fluorescence during the hypercapnic hyperoxia from the first hour in 0.4 ATA O2, 0.05 ATA CO2
(6.3 ± 0.17 ∆FIU/min) to the final three hours in 0.9 ATA O2, 0.1 ATA CO2 (7 ± 0.12 ∆FIU/min),
Fig. 3.2D (right).
When comparing between groups (Fig. 3.4, orange columns, blue histograms), the percent
decrease in ∆FIU/min during normocapnic control O2 protocol was significantly reversed to a
percent increase during the hypercapnic control O2 (p = 0.0038), normocapnic hyperoxia (p <
0.0001), and hypercapnic hyperoxia (p = 0.0024) protocols.
When analyzing data within groups (Fig. 3.1 vs Fig. 3.2), CO2 narcosis seemed to have
qualitative effects on aggregate RONS production in control O2 ± HA as the ∆FIU/min of DHR123
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fluorescence increased over time in + CO2 narc tissue, whereas that was not the case in – CO2 narc
tissue. CO2 narcosis did not, however, seem to have any qualitative effects on the ∆FIU/min of
DHR123 fluorescence during hyperoxia ± HA. When analyzing data between groups represented
as percent change from control (Fig. 3.4, blue histograms), we saw the percent decrease in
∆FIU/min during normocapnic control O2 was significantly reversed to a percent increase (p <
0.0001) when CO2 narcosis was used. Moreover, the percent increase in ∆FIU/min was
significantly more during hypercapnic control O2 (p = 0.0272), normocapnic hyperoxia (p <
0.0001), and hypercapnic hyperoxia (p < 0.0001) when CO2 narcosis was used.
To summarize, hyperoxia (± HA) increased aggregate RONS production during coexposure to deferoxamine in brain slices harvested from ± CO2 narc rats. There also was a
significant increase in aggregate RONS in slices under sustained exposure to 0.4 ATA (± HA) in
+ CO2 narc rats. Finally, we were able to see a more pronounced contribution of the ONOO-/CO2
pathway to DHR123 fluorescence in + CO2 narc tissue.

Colorimetric Assays
TBARS assay. For the following results discussing MDA, all values will be expressed in
µM/mg (Fig. 3.5).
Effects of hyperoxia and HA at each pO2.
Hour 1. MDA levels significantly increased from control O2 (2.05 ± 0.04) to normobaric
hyperoxia (2.44 ± 0.08), p = 0.0062, but did not change compared to hyperbaric hyperoxia at 2
ATA (1.87 ± 0.08), p = 0.1688. In control O2, MDA levels did not change when increasing CO2
from 0.05 ATA (2.05 ± 0.04) to 0.1 ATA (1.92 ± 0.07), p = 0.1428. At 0.95 ATA O2, we saw a
decreased level of MDA when increasing CO2 from 0.05 ATA (2.44 ± 0.08) to 0.1 ATA (2.17 ±
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0.05), p = 0.029, while at 1.95 ATA O2, we saw no change in MDA levels when increasing CO2
from 0.05 ATA (1.87 ± 0.08) to 0.1 ATA (1.95 ± 0.03), p = 0.3296.
Hour 4. MDA levels did not change from control O2 (1.7 ± 0.06) to normobaric hyperoxia
(1.47 ± 0.07), p = 0.1102, or to hyperbaric hyperoxia at 2 ATA (1.61 ± 0.09), p = 0.6937. HA only
had an effect on MDA production during exposure to control O2. In this case, MDA decreased
when CO2 was increased from 0.05 ATA (1.7 ± 0.06) to 0.1 ATA (1.37 ± 0.04), p = 0.0039. In
0.95 ATA O2 (normobaric hyperoxia), no change was seen when increasing CO2 from 0.05 ATA
(1.47 ± 0.07) to 0.1 ATA (1.47 ± 0.05), p = 0.9915. Likewise, in hyperbaric O2 at 2 ATA, no
change was seen when increasing CO2 from 0.05 ATA (1.61 ± 0.09) to 0.1 ATA (1.48 ± 0.06), p
= 0.2462.
Effects of time.
0 vs 1 hour. Of our six treatments of O2/CO2 combinations, we only saw an increase in
MDA levels from hour 0 (2.02 ± 0.11) to hour 1 with exposure to 0.95 ATA O2 with 0.05 ATA
CO2, p = 0.0174. No changes were seen from hour 0 to hour 1 for the remaining conditions,
including control O2 with (p = 0.5833) and without (p = 0.9657) HA, normobaric hyperoxia with
HA (p = 0.3986), and hyperbaric hyperoxia with (p = 0.7673) and without (p = 0.4456) HA.
1 vs 4 hours. Of our six treatments of O2/CO2 combinations, we saw significant decreases
in MDA levels from hour 1 to hour 4 for the following groups: control O2 with (p = 0.0016) and
without (p = 0.0199) HA, normobaric hyperoxia with (p = 0.0003) and without (p < 0.0001) HA,
and hyperbaric hyperoxia with HA (p = 0.0031). No change was seen from hour 1 to hour 4 during
exposure to hyperbaric hyperoxia alone (p = 0.1676).
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Figure 3.5: MDA levels at various levels of O2 and CO2 over time – Determination of lipid peroxidation in cSC
slices via measurement of malondialdehyde (MDA) at 1 and 4 hours. Treatments included normocapnia (0.05 ATA
CO2, solid bars) and HA (0.1 ATA CO2, striped bars) at control O2 (0.4 ATA O2, black bars), normobaric hyperoxia
(0.9-0.95 ATA O2, red bars), and hyperbaric hyperoxia (1.9-1.95 ATA O2, blue bars). Black stars above normocapnic
hyperoxia treatments (solid red and blue bars) denote a difference compared to normocapnic control O2 (solid black
bar) at its respective time point. Color-coded stars above HA treatments (striped bars) denote a difference compared
to its normocapnic counterpart (solid bar) at each level of O2. † denotes a significant time-dependent change from the
preceding time point for each treatment (i.e. 0 vs. 1 hour, 1 vs. 4 hours). Marked groups indicated a significant
difference, p < 0.05. Values are expressed as the concentration (µM) of MDA standardized to total tissue weight in
mg.
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Protein carbonyl assay. For the following results discussing protein carbonyls, all values
will be expressed in nmol/mg of protein (Fig. 3.6).
Effects of hyperoxia and HA at each pO2.
Hour 1. Protein carbonyl levels did not change from either control O2 (5.6 ± 0.08) to
normobaric hyperoxia (5.56 ± 0.1), p = 0.9589, or hyperbaric hyperoxia at 2 ATA (5.5 ± 0.14), p
= 0.6719. HA had no effect on protein carbonyl levels at either control O2 when CO2 increased
from 0.05 ATA (5.6 ± 0.08) to 0.1 ATA (5.55 ± 0.22), p = 0.8447, or normobaric hyperoxia when
CO2 increased from 0.05 ATA (5.56 ± 0.1) to 0.1 ATA (5.72 ± 0.08), p = 0.2391. However, there
was an increase in protein carbonyl levels during hyperbaric hyperoxia when increasing CO2 from
0.05 ATA (5.47 ± 0.14) to 0.1 ATA (5.91 ± 0.09), p = 0.0365.
Hour 4. Protein carbonyl levels did not change from control O2 (5.51 ± 0.23) to normobaric
hyperoxia (5.92 ± 0.24), p = 0.4735, and significantly decreased from control O2 upon exposure
to hyperbaric hyperoxia (2ATA, 4.32 ± 0.28), p = 0.0174. HA had no effect on protein carbonyl
levels at any background level of O2. In 0.4 ATA O2, no change was seen when increasing CO2
from 0.05 ATA (5.51 ± 0.23) to 0.1 ATA (5.44 ± 0.2846), p = 0.8606. In 0.95 ATA O2 (normobaric
hyperoxia), no change was seen when increasing CO2 from 0.05 ATA (5.92 ± 0.24) to 0.1 ATA
(5.85 ± 0.26), p = 0.8467. Finally, in hyperbaric O2 at 2ATA, no change was seen when increasing
CO2 from 0.05 ATA (4.32 ± 0.28) to 0.1 ATA (4.3 ± 0.17), p = 0.953.
Effects of time.
0 vs. 1 hour. Protein carbonyl levels significantly decreased from hour 0 (7.29 ± 0.21) to
hour 1 for all O2/CO2 exposures, including control O2 with (p = 0.0012) and without (p = 0.0003)
HA, normobaric hyperoxia with (p = 0.0007) and without (p = 0.0003) HA, and hyperbaric
hyperoxia with (p = 0.0005) and without (p = 0.0004) HA.
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Figure 3.6: Protein carbonyl levels at various levels of O2 and CO2 over time – Determination of protein oxidation
in cSC slices via measurement of protein carbonyls at 1 and 4 hours. Treatments included normocapnia (0.05 ATA
CO2, solid bars) and HA (0.1 ATA CO2, striped bars) at control O2 (0.4 ATA O2, black bars), normobaric hyperoxia
(0.9-0.95 ATA O2, red bars), and hyperbaric hyperoxia (1.9-1.95 ATA O2, blue bars). Black stars above normocapnic
hyperoxia treatments (solid red and blue bars) denote a difference compared to normocapnic control O2 (solid black
bar) at its respective time point. Color-coded stars above HA treatments (striped bars) denote a difference compared
to its normocapnic counterpart (solid bar) at each level of O2. † denotes a significant time-dependent change from the
preceding time point for each treatment (i.e. 0 vs. 1 hour, 1 vs. 4 hours). Marked groups indicated a significant
difference, p < 0.05. Values are expressed as nmol protein carbonyls standardized to total protein content in mg.
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1 vs. 4 hours. Protein carbonyl levels did not change from hour 1 to hour 4 during exposures
to either control O2 with (p = 0.9352) and without (p = 0.9283) HA or normobaric hyperoxia with
(p = 0.89) and without (p = 0.3899) HA. However, protein carbonyl levels significantly decreased
from hour 1 to hour 4 during exposure to hyperbaric hyperoxia with (p = 0.0001) and without (p
= 0.0091) HA.
3-nitrotyrosine assay. For the following results discussing 3-NT, all values will be
expressed in pmol/mg of protein (Fig. 3.7).
Effects of hyperoxia and HA at each pO2.
Hour 1. 3-NT levels did not change from control (0.39 ± 0.03) to normobaric hyperoxia
(0.37 ± 0.03), p = 0.7232, or to hyperbaric hyperoxia at 2 ATA (0.36 ± 0.01), p = 0.6049. In 0.4
ATA O2, we saw a significant decrease in 3-NT when increasing CO2 from 0.05 ATA (0.39 ±
0.03) to 0.1 ATA (0.23 ± 0.03), p = 0.0144. In 0.95 ATA O2 (normobaric hyperoxia), no change
was seen when increasing CO2 from 0.05 ATA (0.37 ± 0.03) to 0.1 ATA (0.33 ± 0.08), p = 0.6634.
Finally, in hyperbaric O2 at 2 ATA, we again saw a decrease in 3-NT when increasing CO2 from
0.05 ATA (0.36 ± 0.01) to 0.1 ATA (0.2 ± 0.05), p = 0.0152.
Hour 4. 3-NT levels did not change from control (0.42 ± 0.06) to normobaric hyperoxia
(0.37 ± 0.05), p = 0.8265, or to hyperbaric hyperoxia at 2ATA (0.5 ± 0.08), p = 0.6438. HA had
no effect on 3-NT levels at any background level of O2. In 0.4 ATA O2, no change was seen when
increasing CO2 from 0.05 ATA (0.42 ± 0.06) to 0.1 ATA (0.3 ± 0.12), p = 0.4115. In 0.95 ATA
O2 (normobaric hyperoxia), no change was seen when increasing CO2 from 0.05 ATA (0.37 ±
0.05) to 0.1 ATA (0.4 ± 0.1), p = 0.8009. Finally, in hyperbaric O2 at 2 ATA, no change was seen
when increasing CO2 from 0.05 ATA (0.5 ± 0.08) to 0.1 ATA (0.34 ± 0.04), p = 0.1268.
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Figure 3.7: 3-NT levels at various levels of O2 and CO2 over time – Determination of protein nitration in cSC slices
via measurement of 3-nitrotyrosine (3-NT) at 1 and 4 hours. Treatments included normocapnia (0.05 ATA CO2, solid
bars) and HA (0.1 ATA CO2, striped bars) at control O2 (0.4 ATA O2, black bars), normobaric hyperoxia (0.9-0.95
ATA O2, red bars), and hyperbaric hyperoxia (1.9-1.95 ATA O2, blue bars). Black stars above normocapnic hyperoxia
treatments (solid red and blue bars) denote a difference compared to normocapnic control O2 (solid black bar) at its
respective time point. Color-coded stars above HA treatments (striped bars) denote a difference compared to its
normocapnic counterpart (solid bar) at each level of O2. † denotes a significant time-dependent change from the
preceding time point for each treatment (i.e. 0 vs. 1 hour, 1 vs. 4 hours). Marked groups indicated a significant
difference, p < 0.05. Values are expressed as pmol 3-NT standardized to total protein content in mg.
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Effects of time.
0 vs. 1 hour. 3-NT levels did not change from hour 0 (0.27 ± 0.03) to hour 1 for all O2/CO2
exposures, including control O2 with (p = 0.9241) and without (p = 0.1386) HA, normobaric
hyperoxia with (p = 0.8341) and without (p = 0.1653) HA, and hyperbaric hyperoxia with (p =
0.413) and without (p = 0.4015) HA.
1 vs. 4 hours. 3-NT levels did not change from hour 1 to hour 4 for all O2/CO2 exposures,
including control O2 with (p = 0.7566) and without (p = 0.889) HA, normobaric hyperoxia with (p
= 0.7799) and without (p = 0.9975) HA, and hyperbaric hyperoxia with (p = 0.0665) and without
(p = 0.1454) HA.

Discussion
The results presented in this two-paper set (5) and elsewhere (28) reveals that hyperoxia
stimulates an array of O2 and N2 free radicals and their highly-reactive derivatives in the cSC.
Measuring the stimulatory effect of O2 on RONS production in the cSC using fluorogenic dyes is
not easy however. It must be done using pharmacologically defined media that inhibits specific
redox and nitrosative reactions that occur downstream to the reactive species that are being
measured.
Based on this pharmacological approach to using DHR123 in the cSC in brain slices
harvested from male and female Sprague-Dawley rats, there were six main findings in this study,
which are summarized in Figure 3.4. 1) Hyperoxia (0.9-0.95 ATA O2) ± HA increased production
of aggregate RONS in cSC cells during inhibition of the Fenton reaction using deferoxamine. 2)
CO2 “retention” during control oxygenation, likewise, increases aggregate RONS production
during inhibition of the Fenton reaction in – CO2 narc tissue. 3) Inhibition of the CO2-ONOO113

pathway with uric acid stimulates aggregate RONS production to a detectable level during
hypercapnic hyperoxia in – CO2 narc tissue. Moreover, inhibition of the CO2-ONOO- pathway
causes a significantly smaller decrease in aggregate RONS during hypercapnic control O2 and
normocapnic hyperoxia compared to control. 4) The stimulatory effects of hyperoxia and
hypercapnia in the presence of deferoxamine on aggregate RONS production are enhanced by the
use of CO2 narcosis during euthanasia prior to harvesting brain slices. 5) Alternatively, the
stimulatory effects of hyperoxia and hypercapnia on RONS production in the presence of uric acid
are blunted by the use of CO2 narcosis during euthanasia prior to harvesting brain slices. Taken
together, these findings support the hypotheses that downstream RONS production can be
enhanced during exposure of cSC tissue to hyperoxia ± HA, and that CO2 narcosis prior to
euthanasia alters redox homeostasis.
In addition, a sixth finding, using assays that measured byproducts of lipid peroxidation
and protein oxidation and nitration, we discovered that up to 4 hours of exposure to normobaric
hyperoxia (0.9-0.95 ATA O2) and hyperbaric hyperoxia (1.9-1.95 ATA O2) causes little to no
evidence of oxidative stress in cSC neurons. The range of tissue pO2 this produces in the brain
slice is equivalent to the intact animal breathing 2.5-5 ATA of O2 (12, 17). This suggests that the
levels of hyperoxia and hypercapnia tested here represent modulating, physiological stimuli as
opposed to oxidative and nitrosative stress. This conclusion, however, needs to be tested further
using indicators of cell death and necrosis (8). We postulate that this demonstrated tolerance to
hyperoxia is due to acute activation of endogenous anti-oxidant defenses in the medulla oblongata.
Each of these findings and conclusions are considered in further detail below.
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Fluorescence Microscopy
DHR123 (normal aCSF) ± CO2 narc. DHR123 was used to measure an aggregate pool
of RONS that includes H2O2, ˙OH, ONOO-, ˙CO3-, and ˙NO2 (7, 29, 31). As summarized by Dean
(9), ˙O2- and ˙NO react to form ONOO-, which can react with molecular CO2 to ultimately form
˙CO3- and ˙NO2. Additionally, in a separate pathway ˙O2- reacts with SOD to form H2O2, which
can undergo the Fe2+-catalyzed Fenton reaction to form ˙OH. Under normal physiological
conditions, Fe2+ is bound to its carrier protein transferrin. However, Fe2+ will unbind from
transferrin in acidic environments (16, 30). Therefore, our hypothesis for experiments utilizing
DHR123 was that addition of HA would increase the rate of aggregate RONS production due to
the reaction of CO2 with ONOO-, as well as stimulation of the Fenton reaction by release of Fe2+
from transferrin resulting from CO2-induced H+ production. We anticipated that HA would
stimulate aggregate RONS production during both control oxygenation (0.4 ATA) and hyperoxia
(0.9 ATA).
When tissue slices harvested from animals receiving ± CO2 narcosis were examined, we
saw a paradoxical decreased rate of DHR123 fluorescence in all O2-CO2 protocols when
comparing the first (control) hour to the remaining three (experimental) hours (Figs. 3.1 & 3.2, left
panels). Taken together, these findings were contrary to our original hypothesis. Considering the
results from our previous study (5) using DHE and DAF-FM DA fluorescence to measure ˙O2- and
˙NO, respectively, it seemed plausible to postulate that the end products we were measuring were
either reacting with end targets within the cell (e.g. DNA, membrane lipids, proteins), with
antioxidants, or with one another faster than they were with the fluorogenic dye, DHR123. This is
a rather feasible situation considering the high reactivity of the molecules we were measuring,
coupled with what could be considered a relatively low dye concentration and the 4-hour duration
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of the protocols that were run. Additionally, CO2 narcosis had variable, inconsistent results on
RONS production; that is, while + CO2 narc clearly altered the rate of aggregate RONS production
in the cSC between groups (Fig. 3.4, h) it did so in no predictable fashion.
DHR123 (aCSF with uric acid) ± CO2 narc. The aggregate pool of RONS we measured
consists of reactive species produced via two primary, separate pathways, the production of ˙OH
from H2O2 via the Fenton reaction and the other producing ˙CO3- and ˙NO2 radicals via the CO2ONOO- reaction that forms nitrosoperoxocarboxylate (ONO2CO2-). Thus, we sought to explore
the relative contributions of each pathway to overall DHR123 fluorescence during O2 and CO2
manipulations. First we will consider the effects of using uric acid (mostly anionic urate at
physiological pH) to scavenge ONOO-, leaving the H2O2/˙OH pathway intact without affecting the
reaction of ˙O2- with ˙NO. We hypothesized that protons produced from the hydration reaction of
CO2 would amplify this pathway to enhance aggregate RONS production during oxygenation.
The main finding is that inhibition of the CO2-ONOO- pathway using uric acid produces
strikingly similar results to those measured in normal aCSF; that is, the hypothesized increase in
aggregate RONS during hypercapnia and hyperoxia was not detected. The lone exception was
during hypercapnic hyperoxia in slices harvested from - CO2 narc rats. Typically, there was a
decreased rate of DHR123 fluorescence during the final three (experimental) hours compared to
the first (control) hour using slices harvested from + CO2 narc rats. The percent decrease in
∆FIU/min seen in + CO2 narc tissue was only significantly less during hypercapnic hyperoxia.
Likewise, there was the same percent decrease during normocapnic control O2 that was
significantly less during normocapnic hyperoxia and hypercapnic control O2 in slices harvested
from - CO2 narc rats, however a significant percent increase was seen during hypercapnic
hyperoxia. It was interesting to see significantly reduced percent decreases during normocapnic
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hyperoxia and hypercapnic control O2 compared to normocapnic control O2 despite a decreased
∆FIU/min compared to each groups’ control hour. These data, again, suggest the O2-induced
RONS being measured are reacting with other molecules before reacting with DHR123.
Presumably, this includes various RONS produced by reactions other than those associated with
the Fenton reaction since attenuation of this reaction where molecular O2 is sequentially reduced
to ˙O2-, H2O2, and ˙OH. In this case, ˙OH is a very reactive species that reacts without
discrimination within a limited diffusion radius, making its reaction with and detection by
DHR123 less likely (2, 16). Further, H2O2 can be converted to water and O2 by antioxidants such
as catalase and peroxidases, however it is worth noting that catalase is present in relatively low
levels in the brain, therefore minimally affecting H2O2 levels in this model (16). Thus, based on
these findings, we conclude that proton-activation of the Fenton reaction under these O2 conditions
has a greater contribution to RONS production in – CO2 narc tissue as assessed using this method,
especially under conditions of hypercapnic hyperoxia. Overall, our findings support the hypothesis
that HA during hyperoxia increases RONS production to counteract the decrease in RONS
production measured during normocapnia in cSC cells in aCSF containing uric acid.
DHR123 (aCSF with deferoxamine) ±CO2 narc. Next, we suppressed the contribution
of H2O2/˙OH to overall DHR123 fluorescence in order to better measure ONOO- and its end
products from its reaction with molecular CO2. To do this, we used Deferoxamine, which aids in
this process in two ways. First, it acts as an iron chelator, which removes the metal catalyst needed
to produce ˙OH via the Fenton reaction. Second, the ability of H2O2 to react with DHR123 is
dependent on transition metal availability (29), so we would expect a lower contribution towards
overall fluorescence related to H2O2 despite its continued presence. Despite its large molecular
size, Deferoxamine has been shown to enter cells via pinocytosis (18). Additionally, it has been
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shown to have scavenging capabilities for ONOO-/CO2 derivatives; however, concentrations less
than that used here have been shown to limit its scavenging capacity (16). Other sources of ˙OH,
such as the Haber-Weiss reaction, which includes reaction of ˙O2- with H2O2, and spontaneous
decomposition from peroxynitrous acid (ONOOH), can mostly be neglected, as the Haber-Weiss
reaction constant is practically non-existent in aqueous solutions (16) and ONOO- is almost
exclusively in its anionic form (which reacts with CO2) around physiological pH (27).
In + CO2 narc slices, we saw an increased rate of DHR123 fluorescence during exposure
to sustained 0.4 ATA O2 (Fig. 3.4, blue bars). Again, these data are consistent with previous
measurements of ˙O2- in similar conditions using DHE (5). As ˙NO did not change under these
conditions, we posit that the increased DHR123 signal is due to increased levels of ˙O2-, which in
turn induce production of various downstream RONS through the CO2 + ONOO- pathway.
Additionally, we saw an increase in the rate of DHR123 fluorescence during hyperoxia, HA, and
hypercapnic hyperoxia, with hyperoxia ± HA being significantly increased compared to control.
Compared to the data during the uric acid experiments (where the ∆FIU/min decreased), the
increases in ∆FIU/min seen here using deferoxamine suggest the ONOO- pathway will
predominate as expected given the reaction rates for ˙O2- and ˙NO vs. ˙O2- and SOD (27).
The results from slices harvested from – CO2 narc rats were strikingly different from the
results seen in + CO2 narc tissue (Fig. 3.4). During the 0.4 ATA O2 control protocol we saw the
rate of DHR123 fluorescence reverse to a percent decrease. While no change was expected, these
results follow suit given our previous data for ˙O2- and ˙NO (5). Previously, we saw ˙NO remain
unchanged in 0.4 ATA O2, while we saw ˙O2- decrease over time. Therefore, a decreased rate of
production for ONOO- and its derivatives, in this case, ultimately becomes dependent on ˙O2levels (3). As in + CO2 narc tissue, we saw a percent increase during HA and hyperoxia ± HA that
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were all significantly different than control. The primary difference between ± CO2 narc tissue was
a smaller contribution of the ONOO-/CO2 pathway to overall DHR123 fluorescence in – CO2 narc
tissue, suggesting the use of CO2 narcosis enhances the production of ONOO- and its downstream
products.
This study, along with its companion study (5), has established a model of RONS
production within the rat cSC brain stem slice. In these studies, we’ve seen normobaric hyperoxia
increase the ∆FIU/min of both ˙O2- and ˙NO, while a separate, ongoing study from our lab has
shown hyperoxia increases the ∆FIU/min of singlet O2 using singlet oxygen sensor green (28).
Additionally, we’ve seen the ∆FIU/min of downstream RONS increase during HA alone, as well
as during hyperoxia ± HA. The total analysis of DHR123 fluorescence provides several take-home
messages. First, the RONS being measured by a fluorogenic dye are not only highly reactive with
their end targets within the cell, but with one another. Overall decreases in the rate of DHR123
fluorescence, regardless of CO2 narc, in experiments without pharmacological intervention, as well
as experiments including uric acid suggest ˙OH could be the primary reason behind this, as it is
known to react quickly and indiscriminately (Fig. 3.4) (16). Increases in the rates of DHR123
fluorescence during protocols utilizing deferoxamine suggest increased stability of RONS
products in the ONOO-/CO2 pathway (Fig. 3.4), corroborating what is stated in the literature (1).
Second, we saw that hyperoxia and HA can work both independently and modulate one another in
the production of RONS that are known to ultimately alter cellular function. Finally, analysis of
our data suggests that CO2 narcosis during euthanasia may alter the cells’ normal physiological
response to HA as discussed previously (5). In Figure 3.4, we saw that during exposures using
normal aCSF, variable results were seen between ± CO2 narc tissue. When using aCSF containing
uric acid, we generally saw blunted DHR123 activity in + CO2 narc tissue, whereas when we used
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aCSF with deferoxamine, we saw enhanced DHR123 fluorescence during experiments using +
CO2 narc tissue.

Colorimetric Assays
Another goal of this study was to determine if the increases in RONS seen previously (5)
and in this study of cSC neurons represent increases in oxidative and nitrosative signaling, or result
in a pathological state of oxidative and nitrosative stress. We used colorimetric assays to measure
several markers, including oxidized lipids (i.e. MDA), as well as oxidized and nitrated proteins
(i.e. protein carbonyls and 3-NT) in rat medulla oblongata brain stem tissue harvested without
using CO2 narcosis during euthanasia.
We elected to not use CO2 narcosis during euthanasia based on the results of our
fluorescence studies. However, in retrospect, given the enhanced RONS production during
hyperoxia and HA with deferoxamine, we anticipate that replicating this huge set of assay
experiments in slices harvested from rats exposed to CO2 narcosis and hypoxia would provide an
increased incidence of lipid peroxidation, protein oxidation, and protein nitration. While we had a
sufficient amount of protein that fell within the working range of our assays, we saw relatively low
levels of 3-NT relative to the assay’s standard curve, as well as highly variable results compared
to the other assays. Additionally, the TBARS assay for the measurement of MDA has been
criticized for its artificial production of TBARS during the protocol, as well as for a lack of
specificity for MDA. While this may be the case, the assay uses a newer TCA method to produce
an acidic environment that precipitates lipoprotein fractions and minimizes the interference of
soluble TBARS, making it highly specific for lipid peroxidation. Regardless, the assay is still
widely used.
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Overall, the results from this second set of experiments confirmed in a select few cases our
hypotheses that hyperoxia ± HA would increase markers of oxidative and nitrosative stress. More
often, hyperoxia ± HA resulted in either no change or paradoxical decreases in lipid peroxidation
and protein oxidation. There were three possible explanations for these unexpected findings. 1)
The assays did not work. We consider this an unlikely scenario however, given that hyperoxia did
increase MDA levels in the medullary tissue during normobaric hyperoxia. 2) These assays
required a high tissue weight that would have required exponentially more animals had we isolated
the cSC region from each slice. As such, we chose to use entire medullary tissue slices that
included our region of interest, the cSC. Therefore, we could not make conclusions regarding
levels of various assay markers in the cSC specifically. As a result, cellular heterogeneity between
different nuclei in their relative degrees of O2 and CO2 sensitivities might have masked important
changes in lipid peroxidation and protein oxidation/nitration that are unique to the cSC alone,
which is highly sensitive to HA (10, 11, 22, 23) and hyperoxia (20, 21). 3) Finally, the most
interesting interpretation in our minds for future investigation is that hyperoxia ± HA activate
antioxidant mechanisms that attenuate the potentially deleterious effects of O2-/CO2-induced
RONS in the medulla oblongata. If this hypothesis is true, then this mechanism becomes very
important in how medullary neurons respond to hyperoxia and HA on an acute time scale.
Additionally, we must consider that not only can these markers be affected by antioxidants, but
that normal cellular processes exist to remove damaged lipids and proteins as well. For example,
damaged membrane lipids become more polar and move to the surface where they can be cleaved
by phospholipase A2 and removed by glutathione peroxidase or reduced to alcohols (16).
Interestingly, turnover of damaged lipids is very fast, and seems to predominate over repair
mechanisms seen more during other types of oxidative damage (i.e. to DNA). Additionally,
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damaged proteins get marked for proteasomal degradation, or form aggregates that are ultimately
sent to lysosomes to be destroyed. As such, oxidative stress has been shown to increase
proteasomal activity via Nrf2 activation (19, 25). Therefore, interpretation of these data must
include not only production of these stress markers, but the increases in the antioxidant response
and normal cellular processes discussed above that result in their removal over time. The
hypothesis for this study was that we would see an increase in markers of oxidative and nitrosative
stress corresponding to each increase in pO2 and/or pCO2; however, we must now consider that
each increase in pO2 and/or CO2 not only increases stress, but also the onset and intensity of the
defensive response to remove it.

Conclusions and Future Directions
In this study, we have shown that hyperoxia can stimulate the production of RONS
downstream to superoxide and nitric oxide, and that HA not only acts alone on RONS production
in 0.4 ATA O2, but also modulates increased RONS production during hyperoxia as well. As such,
this study provides further evidence supporting the use of a lower level of control O2 in our model
in an effort to maximize physiological relevance while minimizing the potentially confounding
effects of an increased state of oxidative and nitrosative signaling and, potentially stress with
longer exposures. Finally, it has become clear that CO2 narcosis with hypoxia and ultimately,
anoxia, during euthanasia prior to tissue extraction is having long-lasting effects on RONS
production. We postulate that this occurs by altering antioxidant capacity, potentially via
disturbance of pH homeostasis (15, 32). Future studies should seek to further characterize the
effects of narcosis prior to euthanasia to determine if it significantly alters normal physiological
function. CO2 narcosis with hypoxia during euthanasia has powerful effects on cardio-respiration
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and electroencephalogram activity in Sprague Dawley rats (6). Thus, it is not surprising that global
stimulation of brain stem networks, as evidenced by the complex pattern of changes in
cardiorespiration during the onset of CO2 narcosis/anesthesia (1-2 min) followed by loss of
electroencephalogram activity and cessation of breathing (2-3 min), is capable of activating longterm changes in brain stem activity (4).
Increased levels of downstream RONS also suggests an increased level of oxidative and
nitrosative stress. While the hypothesized increases in markers of redox and nitrosative stress were
not, in most cases, seen during exposure to hyperoxia ± HA, the data suggests an exciting
explanation. The reason may lie in the cells’ ability to remove damaged lipids and proteins in an
attempt to maintain viability and avoid apoptosis. Future studies should seek to take advantage of
real-time measurement of markers of oxidative and nitrosative stress, or examine more time points
over a shorter exposure. Assays for antioxidant activity may be another alternative, as we would
expect to see increased antioxidant capacity and/or a larger ratio of oxidized:reduced antioxidants
over time and/or with a larger stimulus (i.e. oxidized to reduced glutathione, GSSG:GSH).
Additionally, brain stem slices did not exclusively contain the cSC. Therefore, any results contrary
to our hypotheses may have occurred because the entire slice “population” is not necessarily
representative of the cSC “sample”. Newer technology (e.g. the Redoxsys System) can measure
tissue redox potential while requiring a significantly reduced amount of tissue sample, potentially
allowing for specific analysis of cSC tissue at various levels of hyperoxia ± HA.
In this study, oxidative and nitrosative stress have proven difficult to measure due to
cellular removal of damaged lipids and proteins. Therefore, the alternative is simply that hyperoxia
± HA increases oxidative and nitrosative signaling via RONS production (as shown), but that it
doesn’t not cause stress. Previous studies have shown that cells in the cSC can produce a similar
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amount of ˙O2- over a broad range of oxygen tensions (20), and it is unknown whether this is a
relatively small or large amount. If large, cSC neurons may have an inherently enhanced capacity
to maintain high levels of RONS to maintain required redox signaling mechanisms while
minimizing subsequent stress.
Finally, neurons in the cSC are stimulated by hyperoxia via a free radical mechanism, and
by HA via an undetermined mechanism (11, 21). However, it is unknown whether the response to
hyperoxia is due to increased oxidative and nitrosative signaling or stress. Recent data from our
laboratory have shown that the HA-induced excitability in these neurons is O2-dependent, such
that larger changes in cellular firing rate occur during HA as background pO2 increases, suggesting
these mechanisms overlap (4). Additionally, similar increases in firing rate have been seen upon
exposure to chemical oxidants, however the onset of the firing rate response was longer and
sometimes irreversible (21). Therefore, it is hypothesized that the link between these two
excitatory stimuli is free radical based, as RONS production is increased during hyperoxia and
exacerbated by co-administration with HA (9, 21). Future studies should focus on shorter exposure
times more relevant to those experienced by tissue slices during electrophysiology protocols (i.e.
10 - 20 minutes) to determine if oxidative and nitrosative stress can and do occur in this window.
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CHAPTER 4:
ACUTE HYPEROXIA INCREASES THE PROPORTION OF CO2 CHEMOSENSITIVE
NEURONS AND CELLULAR CO2-EXCITATION IN RAT CAUDAL SOLITARY
COMPLEX NEURONS

Abstract
Central CO2-chemosensitive neurons in the caudal solitary complex (cSC) are stimulated
by hypercapnic acidosis (HA) through a mechanism that likely involves intracellular acidification
and reactive oxygen and nitrogen species (RONS). We previously reported that ~90% of neurons
that are sensitive to HA are also sensitive to hyperoxia. However, it remains unknown if O2
modulates neuronal excitability to CO2, or vice versa. To answer this question, we used
intracellular electrophysiology to record changes in cellular excitability to HA (0.05 ® 0.1
atmospheres absolute, ATA, CO2) at control O2 (0.4 ATA), normobaric hyperoxia (NBO2, 0.9
ATA), and hyperbaric hyperoxia (HBO2, 1.9 ATA). Our findings reveal that hyperoxia (NBO2 +
HBO2) stimulates (45%) and inhibits (48%) of cSC neurons tested. Of these, 89% of O2-excited
neurons and 91% of O2-inhibited neurons were stimulated during HA. Acute exposure to
hyperoxia increases neuronal sensitivity to HA as a function of increasing pO2; the excitatory firing
rate response to HA and NBO2 was additive, whereas it was multiplicative during HA and HBO2.
Hyperoxia also significantly increased the proportion of CO2-excited neurons in the cSC from 73%
(0.4 ATA O2) to 91-100%. Enhanced CO2-chemosensitivity during hyperoxia was seen in 89% of
neurons that were exposed to HA at 2-3 levels of O2, regardless of whether the neuron was O2128

excited or O2-inhibited. These findings suggest that redox and nitrosative signaling pathways are
potential targets for increasing central chemosensitivity under conditions and diseases in which
the hypercapnic ventilatory response is blunted.

Introduction
The caudal solitary complex (cSC) is a site of autonomic integration that controls and
integrates respiratory, cardiovascular, and gastroesophageal functions, and consists of the nucleus
of the solitary tract (NTS) and the dorsal motor nucleus of the vagus (DMNV). Importantly, this
site is one of many in a distributed network of central CO2 chemoreceptors that function to govern
minute ventilation to maintain pH homeostasis (61). As such, neurons in the cSC have been tested
both in vitro (22, 24, 43, 52, 64, 65) and in vivo (62, 63), showing increases in cellular excitability
and minute ventilation in response to a hypercapnic acidotic (HA) challenge. Although cellular
mechanisms have yet to be fully isolated for cSC chemosensitivity, the data reported to date
strongly suggest CO2 chemotransduction involves acidification of the intracellular space,
effectively blocking the voltage-gated K+ channel-induced A-current (17, 50).

Additional

properties hypothesized to contribute to cellular CO2 chemosensitivity include intercellular
coupling by gap junctions (21, 43), the narcotic potency of CO2 that determines plasma membrane
volume and thus contributes to the configuration of the resident ion channels (15), and CO2-O2interactions in a bicarbonate-buffered system that stimulate production of reactive oxygen and
nitrogen species (RONS) (9, 10, 19).
Historically, centrally located CO2-sensitive neurons were not believed to be sensitive to
changes in O2, at least as it pertains to hypoxic chemoreception. However, data from our laboratory
have shown that cSC neurons respond to a broad range of physiologically-relevant hyperoxia (52,
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56), and do so via a free radical-mediated mechanism that seems to work independently of changes
in intracellular pH (56, 58). That same study also noted that some cells showed additive or greater
than additive increases in firing rate during co-administration of HA and hyperbaric hyperoxia
(56), raising the question of whether O2 and CO2 excitability in these neurons maintained separate,
parallel mechanisms or, alternatively, converge at some point and share a common stimulatory
mechanism that amplifies the stimulus; for example, CO2 and H-ions increasing O2-dependent
RONS production (9, 19).
Under what conditions do HA and hyperoxia occur concurrently in the CNS, and how do
CO2 and O2 interact to alter electrical signaling by neurons? From the point of view of oxygen and
brain function, answering these questions provides insight for understanding how CO2 retention
while breathing hyperbaric oxygen (HBO2) activates hyperoxic hyperventilation (27) and
increases the risk for CNS oxygen toxicity (2, 45). Alternatively, from the viewpoint of CO2 and
brain function, answering these questions is important for understanding how oxidative stimuli, of
which hyperoxia is a commonly used stimulus for activating redox signaling, perturb cellular
chemosensitivity and CO2 chemoreception (27) while also providing insight into respiratory
control in hyperbaric environments (46, 56, 83). Dean and colleagues (19) have reviewed the
mechanisms by which CO2 retention increases the risk for CNS oxygen toxicity, which includes
cerebral vasodilation (35, 47) offsetting O2-induced vasoconstriction to raise cerebral pO2 (12, 45,
49) and activation of redox and nitrosative signaling pathways that result in increased O2-induced
RONS production (19), particularly in the cSC (9, 10). Therefore, HA is contraindicated in
situations involving HBO2, including diving, disabled submarine escape, and hyperbaric oxygen
therapy (2, 14, 45).
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The goal of this study was to determine how O2 and CO2 interact to determine cSC
excitability based on measurements of intracellular membrane potential, input resistance, and
integrated firing rate. Specifically, we tested the hypothesis that the excitatory effects of hyperoxia
and HA are multiplicative; that is, the sum of the individual firing rate responses to HA and
hyperoxia alone is less than the firing rate measured during an equivalent period of hypercapnic
hyperoxia. Additionally, we hypothesized that exposure to hyperoxia increases neuronal CO2chemosensitivity. Unlike most previous brain slice studies, we have used a lower level of control
O2 to decrease O2-induced stimulation of cSC neurons (52). We previously reported the effects of
co-administration of O2 and CO2 on cSC neurons (56). However, it was a small sample size of
neurons and equivalent durations of HA alone versus hypercapnic hyperoxia were not tested. Thus,
it was impossible to determine if the combined effects of CO2 plus hyperoxia on neuronal activity
were additive or multiplicative (56). Here we have tested equivalent concentration products of HA
and O2—that is, the level of pCO2 times the duration of exposure to the test gas mixture—
regardless of the initial classification of CO2 chemosensitivity under control O2 conditions.

Materials and Methods
Tissue and Control aCSF
All experiments were performed in accordance with animal use protocols approved by the
AAALAC accredited University of South Florida Institutional Animal Care and Use Committee
(PHS assurance #A4100-01) and the Department of the Navy, Bureau of Medicine and Surgery.
Male and female Sprague-Dawley (SD) rats (Envigo: ages P16-38, X = P24; weaned at age P21)
were rapidly decapitated and the brain stem removed. The standard use of graded CO2 narcosis
and hypoxia as a means of anesthesia was withheld during euthanasia as it has been shown to affect
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RONS production in rat cSC neurons (9, 10), as well as affecting cardiorespiration and EEG
activity in SD rats during euthanasia (11).
Transverse medullary tissue slices (400µm) were sectioned from a block of brain stem
tissue supported against a pillar of agar using a vibratome (model 1000, The Vibratome Company,
St. Louis, MO, USA). The block of tissue was submerged in a bath filled with chilled artificial
cerebrospinal fluid (aCSF, 2-4°C) equilibrated with a gas mixture of 0.95 ATA O2 and 0.05 ATA
CO2. This was the only time the brain stem block and brain slices were exposed to NBO2 other
than when it was used as a stimulus during our experiments. NBO2 was used during brain slicing
due to the comparatively greater thickness (and diffusion barrier to O2) of the brain stem tissue
block from which tissue slices were harvested. Once cut, each brain slice was immediately
removed and transferred in aCSF using a disposable pipette to aCSF equilibrated with 0.4 ATA
O2, 0.05 ATA CO2, balance N2 (22-24°C) for at least 1 hour prior to the beginning of an
experiment. Medullary tissue slices for these experiments contained the caudal NTS and DMNV,
a region starting at the obex and continuing rostrally for ~1.2 mm at the floor of the 4th ventricle;
i.e., the cSC. aCSF consisted of the following (in mM): 124 NaCl, 5 KCl, 26 NaHCO3, 1.3 MgSO4,
2.4 CaCl2, 1.24 KH2PO4, and 10 glucose.

aCSF Aerated with Experimental Test Gases
Experimental aCSF was maintained at both normobaric and hyperbaric pressures.
Normobaric aCSF solutions were maintained at room temperature (~22-24°C) and delivered to the
tissue bath via a high-pressure liquid chromatography (HPLC) pump (ESA Model 582,
Chelmsford, MA) at 2.5 mL/min. These solutions were gassed using air stones prior to and
throughout experimentation, and included normobaric normocapnic control O2 (0.4 ATA O2, 0.05

132

ATA CO2, balance N2), control O2 with HA (0.4 ATA O2, 0.1 ATA CO2, balance N2), normobaric
normocapnic hyperoxia (NBO2, 0.95 ATA O2, 0.05 ATA CO2), and hyperoxia with HA (0.9 ATA
O2, 0.1 ATA CO2). Hyperbaric (2 ATA) oxygenated aCSF included normocapnic hyperoxia and
hypercapnic hyperoxia, which required aerating aCSF with 0.975 ATA O2, 0.025 ATA CO2 and
0.95 ATA O2, 0.05 ATA CO2 to produce 1.95 ATA O2, 0.05 ATA CO2 and 1.9 ATA O2, 0.1 ATA
CO2, respectively, at 2 ATA total pressure (see below). Hyperbaric solutions were mixed and
maintained at room temperature in a 1L high pressure Teflon-lined cylinder that was set to +5 psi
above chamber pressure. Therefore, delivery of aCSF to the tissue slice bath relied on the pressure
gradient between the pressure cylinder and the pressure chamber. Flow rate into the chamber was
matched to that of the HPLC pump via a flow rate meter just outside the hyperbaric chamber inlet.
As indicated in the next section below, all nutrient media were pumped to the brain slice
inside a hyperbaric chamber that was pressurized to 2 ATA Helium (He). Thus, all intracellular
recordings were made with an overlying chamber atmosphere of 2 ATA He (and zero ATA O2,
N2, and CO2). Regardless, media equilibrated with 0.4 ATA O2 (control O2) and 0.9-0.95 ATA
O2 (NBO2) were referred to as “normobaric” test gas mixtures because they were established in
aCSF outside the hyperbaric chamber at room (normobaric) pressure. Hence, pO2 was < 1 ATA.
Because all air (~21% O2 + ~79% N2) trapped inside the sealed hyperbaric chamber was flushed
out prior to compression using pure He, there was no additional O2 or N2 gas molecules to drive
into the aCSF during pressurization. Ambient pressure increased inside the hyperbaric chamber,
aCSF, and brain slice due to increased pHo without additional increases in pO2 or pCO2. Thus, the
only means by which to elevate pO2 and pCO2 was to switch to a different source of aCSF aerated
with one of the test gases defined above (25, 26, 55). In contrast, the highest level of hyperoxia
tested was established under hyperbaric pressure and thus had a pO2 > 1 ATA; in this case, 1.9-
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1.95 ATA O2. Hence, we refer to this level of hyperoxia as HBO2. To accomplish this, the
fractional concentration of CO2 was halved to 2.5% to maintain 0.05 ATA CO2 (normocapnia) at
2 ATA chamber pressure or maintained at 5% to produce 0.1 ATA CO2 (hypercapnic acidosis) at
2 ATA chamber pressure (25, 37, 56).

Hyperbaric Chamber and Electrophysiology
During experimentation, a single slice was placed in a heated slice chamber (model RC27L, Warner Instruments, Hamden, CT, USA) and submerged and suspended between two nylon
mesh harps, enabling double-sided superfusion in warmed aCSF that was maintained at 35-36°C
with a dual channel automatic temperature controller attached to the inflow line and slice bath
(model TC-344B, Warner Instruments).
All intracellular electrophysiology recordings, as well as bath O2 and pH measurements
were conducted inside a sealed refurbished and recertified Bethlehem hyperbaric chamber (Model
NB-878, maximum working pressure 11 ATA absolute). The chamber had been modified to
conduct in vitro electrophysiology, including a custom-built video microscope. Because these
experiments utilized sharp electrode intracellular electrophysiology, only a low power (2x)
objective was needed with the use of dark field illumination and light microscopy to view the cSC
region of the brain slice. Prior to searching for a neuron to record from, the microelectrode was
positioned in the aCSF just above the cSC region. The chamber door was closed and sealed, after
which 100% Helium (He) was used to flush residual air out of the chamber over 90-120 seconds;
air vented from the chamber during flushing with He was continuously measured using the Analox
ATA Pro Trimix Analyzer (Analox Sensor Technology, Stokesley, England) until the %N2 and
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%O2 both decreased, respectively, from 79 to 0 and 20.9 to 0 (= 100% He). The chamber was then
pressed to (~1 ATG/min) and maintained at 2 ATA (15 psig) for the duration of the experiment.
Electrophysiology recordings of membrane potential (Vm) were conducted using an
Axoclamp 2B microelectrode amplifier (headstage gain = 0.1x, Molecular Devices, Sunnyvale,
CA) in current clamp “bridge” mode. Recording microelectrodes were made with borosilicate
glass (1B100F-6, World Precision Instruments, Sarasota, FL) using a Flaming/Brown micropipette
puller (Model P-87, Sutter Instruments, Novato, CA). Electrodes were filled with 3M K+ Acetate
and had a tip resistance of 90-200 MΩ. A combination Ag-AgCl wire and K+ gluconate agar bridge
reference electrode was used to complete the recording circuit and was placed in the tissue bath
away from the tissue slice. During recordings, the amplifier was used in conjunction with a
Pulsemaster A300 (World Precision Instruments, Sarasota, FL) to produce a negative current pulse
every 15 seconds for 250ms to calculate neuronal membrane input resistance (Rin). A Tektronix
TDS 1012 oscilloscope (Beaverton, OR) was used to view the 250ms pulse to verify healthy
membrane capacitance and bridge balance adjustment, while a Grass AM8 audio monitor (West
Warwick, RI) was used for auditory verification of firing activity and quality of the intracellular
recording; a good neuronal impalement produces a sharp, crisp, high toned “pop” with each action
potential, whereas the sound softens to a muffled “thump” as the action potential broadens,
decreases in amplitude, and membrane potential depolarizes, indicating the intracellular
impalement is compromised. Action potential integrated firing rate (∫FR) was measured in realtime in 10-sec bins using Spike2 software.
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pO2 and pH Measurements
Bath O2 measurements were made using a polarographic electrode and amplifier (A-M
Systems Model 1900, Sequim, WA). The electrode was made in the lab using a 1.5mm glass
capillary tube housing a 100µm outer diameter Teflon-coated platinum wire. Measurements were
made at 50µm outer diameter bare surface at the tip of the electrode. A silver-silver chloride (AgAgCl) reference electrode was placed in a separate compartment of the tissue bath. Each set of O2
measurements were preceded and followed by a calibration that included the range of pO2s to be
measured; specifically, 0.4 ATA, 0.95 ATA, 1.95 ATA, and 0 ATA (2mM Na2SO4, an O2
scavenger, was added during final calibration at 0 ATA O2). Calibrations were made at an
equivalent bath depth to the surface of the tissue slice, but not over the slice itself. After the
calibration, the electrode was moved onto the slice surface to measure experimental pO2 values
experienced by the slice throughout the range of O2 tensions we tested at. Calibration points were
plotted against the corresponding current for each pO2, and the relationship of pO2 vs. current was
described using a second-degree polynomial function as previously described (37). The electrode
was polarized at -600mV as per the amplifier manual instructions for O2 measurements. Calculated
pO2 values were corrected for average ambient barometric pressure at the University of South
Florida in Tampa, FL (42’ above sea level, 758 mmHg) and for water vapor pressure at 35.5°C
(0.058 ATA). All measurements were made at 2 ATA (15 psig) in a 100% He atmosphere.
Tissue bath pH measurements were made using an Orion 9810BN Micro pH electrode
(Thermo Fisher Scientific, Waltham, MA) and HI 2209 pH meter (Hanna Instruments,
Woonsocket, RI). The pH electrode had an external tip diameter of 1.3mm. Prior to and following
measuring bath pH, the electrode was calibrated using stock pH solutions (Fisher Science
Education, Nazareth, PA) at values of 7, 4, and 10. Bath pH was measured across our range of O2
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tensions (0.4, 0.9-0.95, 1.9-1.95 ATA) at both normocapnia (0.05 ATA CO2) and HA (0.1 ATA
CO2). All measurements were made at 2 ATA (15 psi gauge) in a 100% He atmosphere.

Statistical Analysis and Presentation
All data were collected and stored with the use of Spike2 Version 8 software and its
corresponding data collection unit (Micro3 1401 with ADC12 expansion, Cambridge Electronic
Designs Limited, Cambridge, England). Data were extracted from the Spike2 software into
Microsoft Excel and GraphPad Prism 6 for analysis. Each cell served as its own control for
assessing cellular O2- and CO2-sensitivities. As in previous studies (22, 24, 43, 52), during an
individual experiment, Vm, ∫FR, and Rin were sampled at five time points during the final minute
of a control O2 or CO2 pretreatment and the ensuing hyperoxic or HA treatment and compared
using a paired t-test. This was done since not all O2 and CO2 manipulations during an individual
intracellular recording were bracketed by an ensuing recovery period using the same pretreatment
condition. This precluded the use of analysis of variance (ANOVA) and multiple comparisons
testing in these particular experiments. However, when analyzing the pooled data from the study
population or subpopulations as defined by O2- and CO2-sensitivites, pooled data were analyzed
by ANOVA and multiple comparison testing; e.g., Figures 4.3 and 4.8.
A neuron was classified as O2-excited if it showed a significant increase in òFR and/or a
depolarized Vm during exposure to hyperoxia (NBO2 or HBO2); and O2-inhibited if it showed a
significant decrease in òFR and/or a hyperpolarized Vm during hyperoxia. All other neurons were
O2-insensitive. Likewise, a neuron was classified as CO2-excited if it showed a significant increase
in òFR and/or a depolarized Vm during HA; and CO2-inhibited if it showed a significant decrease
in òFR and/or hyperpolarized Vm during HA. All other neurons were identified as CO2-insensitive.
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As stated, cells could be classified as either excited or inhibited based on changes in ∫FR and/or
Vm. As such, if a cell was classified based on one factor (e.g. ∫FR), but not both factors (∫FR, Vm),
the other factor (Vm) was not included in group analysis. Preferably, we used changes in both ∫FR
and Vm to assign CO2 and O2-sensitivity. However, not all neurons recorded in the cSC are
spontaneously firing in normocapnic control O2 and NBO2 (52) (this study). Regardless, these nonfiring neurons still exhibit a significant Vm depolarization during HA that reverses when pCO2 is
returned to normocapnia. Non-firing cells are not glial cells because they evoke action potentials
when injected with brief pulses of depolarizing current (not shown) or when background pO2 is
increased under normocapnic conditions; e.g., see below, Fig. 4.4A, first HA test versus second
and third HA tests. Also, past experience has shown that certain experimental manipulations often
convert a spontaneously firing CO2-excited neuron into a non-firing but CO2-depolarized neuron;
e.g., high Mg2+-low Ca2+ chemical synaptic blockade (see Fig. 4.0B in Huang et al., 1997). Thus,
in these instances, only Vm can be used to assess increased excitability (depolarization) during HA.
Furthermore, some CO2-excited neurons exhibit a significant increase in ∫FR during HA that is
reversible and repeatable; however, a measureable change in the underlying Vm is not detected
(22, 24, 43). In these cases, only the change in òFR is used to assess CO2-chemosensitivity.
Similarly, the same reasoning is used for assessing cellular O2-sensitivity. Changes in ∫FR and Vm
were expected to be fully or partially reversible; that is, to either significantly return to the prior
control level of firing rate or, alternatively, to return towards the previous control level of activity
but recovering at a slightly different firing rate.
Normality of the data sets was determined using the Shapiro-Wilk normality test, which
determined the use of parametric and non-parametric statistical analysis. Each cell acted as its own
control; therefore, paired analysis was used whenever possible. As such, a range of statistical tests

138

were used, and are specified in the Results section upon reporting each data set. All data are
represented as the mean ± SE, with statistical significance set at p < 0.05. Figures were generated
in Corel Draw X3 and GraphPad Prism 6. Differences in the proportions of CO2-excited and CO2inhibited neurons as a function of pO2 were examined using an A/B test based on the N-1 ChiSquare, p < 0.05.

Results
pO2 and Outside pH
Measured pO2 values at the surface of the tissue slice were as follows: 0.39 ± 0.02 ATA
(296.4 ± 15.2 mmHg) at 0.4 ATA O2, 0.78 ± 0.04 ATA (592.8 ± 30.4 mmHg) at 0.95 ATA O2,
and 1.67 ± 0.16 ATA (1269.2 ± 121.6 mmHg) at 1.95 ATA O2 (Fig. 4.0A).
Extracellular or outside pH (pHo) measured during normocapnic (0.05 ATA CO2) control
O2 (0.4 ATA) was 7.38 ± 0.02. During normocapnic hyperoxia (Fig. 4.0B, dotted line), pHo
significantly decreased to 7.32 ± 0.02 (p = 0.0256) in 0.95 ATA O2, and during normocapnic
hyperbaric oxygen pHo significantly increased to 7.51 ± 0.01 (p < 0.0001) in 1.95 ATA O2. During
HA (0.1 ATA CO2), pHo significantly decreased (p < 0.0001) to 7.09 ± 0.02 at 0.4 ATA O2, 7.04
± 0.02 at 0.9 ATA O2, and 7.06 ± 0.01 at 1.9 ATA O2. With background HA (Fig. 4.0B, solid line,
0.1 ATA CO2), pHo did not change from control O2 to 0.9 ATA O2 (p = 0.1307) or 1.9 ATA O2 (p
= 0.5649). Statistical analysis utilized 1-way ANOVA with Sidak’s multiple comparisons test.

Electrophysiology
The two goals of this study were to determine the effects of background oxygenation on
cellular excitability in normocapnia and on cellular CO2-chemosensitivity in cSC neurons during
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Figure 4.0: Extracellular pO2 and pH measurements in a hyperbaric chamber at various levels of O2 and CO2
- pO2 and pH measurements were made in the tissue slice bath inside our hyperbaric chamber. A) pO2 in the slice bath
was measured at the upper surface of the tissue slice during exposure to aCSF gassed with either 0.4, 0.95, or 1.95
ATA O2 (indicated on the x-axis). Each tissue slice (n=6) was exposed to all three levels of O2, and the measured
values are plotted on the y-axis. B) pHo was measured in the slice bath at the normal depth of a tissue slice, however
no slice was present. Our pHo probe was exposed to aCSF gassed with either 0.4, 0.9-0.95, or 1.9-1.95 ATA O2
(indicated on the x-axis) that was either normocapnic (dotted black line) or included hypercapnia (solid black line).
Each set of measurements (n=6) included exposure to all O2/CO2 combinations, the values of which are plotted on the
y-axis. Indication of significant changes in bath pH during normocapnia (dotted black line) are compared to control
(0.4 ATA) O2, while changes between normocapnia (dotted black line) and hypercapnia (solid black line) at each O2
level are indicated with vertical solid lines with stars. No pH changes were seen during hypercapnia as a function of
pO2, p < 0.05.
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HA and whether their combined stimulatory effects were additive or multiplicative. Equivalent
doses of HA were tested as determined by the CO2 concentration product; that is, the level of CO2
(0.05 ® 0.1 ATA CO2 in 26 mM HCO3-) times the duration of HA (8-10 min). When CO2
responsiveness was tested in more than one level of O2, equivalent CO2 concentration products
were used for each test. The most challenging experiment technically was to maintain the
intracellular recording long enough to determine cellular CO2-chemosensitivity in all three levels
of O2, which required a minimum of 88-110 min. This included the time required to establish new
pre-CO2 firing rates after changing the level of O2 prior to HA and then allowing time for recovery
of the firing rate response to HA after removing the CO2 test stimulus. In some cases, the firing
rate response to hyperoxia required 10-25 min to stabilize before HA could be tested; e.g. Figure
4.6A. Whenever possible, tests were repeated to confirm a particular firing rate response to HA at
a particular level of O2. In all experiments, the brain slice was compressed to 2 ATA He before
initiating the intracellular recording. Once a neuron was impaled, ambient pressure was maintained
at 2 ATA He for the duration of the recording. Previously, we have found no correlation between
cellular CO2-chemosensitivity and barosensitivity in hyperbaric He in cSC neurons using 2-4 ATA
He (56).
Cellular sensitivity to normocapnic hyperoxia, 0.05 ATA CO2 + 0.95 and/or 1.95 ATA
O2. Fifteen neurons first tested in HA in control O2 (0.4 ATA O2) were also tested in at least one
additional level of O2 (0.95 ATA, n = 3; or 1.95 ATA, n = 12), or two additional levels of O2, 0.95
and 1.95 ATA (n = 8) so that cellular O2-sensitivity was established; Table 4.0. One neuron was
tested in 1.95 ATA O2 alone without testing sensitivity to HA. Figure 4.1 shows an example of an
O2-excited neuron (Ai-iii) and an O2-inhibited neuron in the cSC (Bi-iii). Both neurons were tested
by increasing O2 in the aCSF from 0.4 to 1.95 ATA followed by restoration of control oxygenation
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at 0.4 ATA. In each case, the òFR response to HBO2 was reversible after reinstating control O2. In
general, O2-induced excitation of firing rate tended to occur concomitantly with depolarization
(Aii) and increased Rin (Aiii), whereas O2-induced inhibition occurred with hyperpolarization (Bii)
and decreased Rin (Biii). The effects of hyperoxia on cellular properties is discussed in more detail
in the following section. In agreement with past reports (52, 56), ~90% of O2-sensitive neurons,
regardless of being O2-excited or O2-inhibited, were also CO2-excited. In the present study, O2insensitive neurons were generally CO2-inhibited (Table 4.4).
Hyperoxia (NBO2 + HBO2). Altogether, 11 cSC neurons were tested for O2 sensitivity in
0.95 ATA O2 compared to control O2 (0.4 ATA). Of these, 36.4% (4/11) were O2-excited, 45.4%
(5/11) were O2-inhibited, and 18.2% (2/11) were O2-insensitive. While each cell served as its own
control for classifying its O2-sensitivity, pooling the data from only 2-5 neurons to calculate
average changes in òFR, Vm, and Rin during NBO2 exhibited trends that were, for the most part,
not statistically significant at p < 0.05 due to the small sample size after division into three groups.
Therefore, data for type of O2-sensitive neuron in the 0.95 ATA O2 data set were pooled with the
20 cSC neurons tested for O2 sensitivity in 1.95 ATA O2 verses 0.4 ATA O2. Of these 20 neurons
tested in HBO2, 50% were O2-excited, 50% were O2-inhibited, and 0% were O2-insensitive.
Overall, 23 neurons were tested for O2-sensitivity over 31 exposures to hyperoxia, with both levels
of hyperoxia being tested in 8 cells. Of these 31 tests, 45.2% (14/31) showed O2-excitation, 48.4%
(15/31) showed O2-inhibition, and 6.4% (2/31) showed O2-insensitivity (Table 4.0). Raw data for
∫FR, Vm, and Rin of all cells tested in hyperoxia are presented in Table 4.1, where greyed boxes in
a Hyperoxia column indicate a significant difference compared to Control O2, and a greyed box in
a Recovery column indicate a significant difference compared to Hyperoxia.
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Ai

Bi

Aii

Bii

Aiii

Biii

Figure 4.1: cSC neurons are O2-excited and O2-inhibited - cSC neurons exposed to hyperoxia could be O2-excited,
O2-inhibited, or O2-insensitive. Ai) An ∫FR trace of an O2-excited neuron, showing the cell not firing during control
O2 prior to an exposure to HBO2, during which the cell greatly increases its firing rate (yellow box). Upon return to
control O2, the cell’s firing rate decreases and eventually ceases. Aii) A Vm trace of the same neuron during control O2
(1, black) and HBO2 (2, orange), noting both a significant Vm depolarization and onset of spontaneous firing during
HBO2. Aiii) An expanded Vm trace during a -0.25nA injection to measure the neuronal membrane Rin, which
significantly increased from control O2 (1, black) to HBO2 (2, orange). Bi) An ∫FR trace of an O2-inhibited neuron,
showing the cell firing during control O2 (while recovering from prior exposure to HA, which stimulated firing rate)
prior to an exposure to HBO2, during which the cell ceases firing (yellow box). Upon exposure to hypercapnic
hyperoxia after HBO2 alone, the cell’s firing rate significantly increases. Bii) A Vm trace of the same neuron during
control O2 (1, black) and HBO2 (2, orange), noting both a significant Vm hyperpolarization and a decrease in ∫FR
during HBO2. Biii) An expanded Vm trace during a -0.1nA injection to measure the neuronal membrane Rin, which
significantly decreased from control O2 (1) to HBO2 (2).
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When examining these cellular responses together (Fig. 4.2), we saw no effect of hyperoxia
on the average changes in ∫FR (Fig. 4.2A, Wilcoxon test, p = 0.26) and Vm (Fig. 4.2B, paired ttest, p = 0.39) of our sample population of cSC neurons. We attributed this finding to the offsetting
effects of relatively equal amounts of O2-excited (black symbols) and O2-inhibited cells (red
symbols). We also tested whether O2-excited and O2-inhibited cells were distinct populations from
one another, or were part of a continuous distribution. In Fig. 4.3A, we show that the ∫FR of O2excited and O2-inhibited cells was significantly different during both control O2 (Kruskal-Wallis
& Dunn’s, p<0.0001) and hyperoxia (Kruskal-Wallis & Dunn’s, p = 0.0085). Moreover, in Fig.
4.3B, we saw that the Vm responses of O2-excited and O2-inhibited cells were significantly
different during hyperoxia (1-way ANOVA & Sidak’s, p = 0.0022), but not during control O2 (1way ANOVA & Sidak’s, p = 0.6696). Together, these data suggest that O2-excited and O2inhibited neurons are distinct groups with different complements of O2 (and RONS) responsive
membrane properties within an overall population of O2-sensitive neurons in the cSC.
O2-excited neurons. 45.2% (14/31) of tests during hyperoxia resulted in the classification
of a cSC cell as O2-excited. During hyperoxia, O2-excited cSC neurons responded with a
significantly increased ∫FR (Fig. 4.3A, Kruskal-Wallis & Dunn’s, p<0.0001) that significantly
reversed during recovery (p = 0.0005). O2-excited neurons also exhibited a significantly
depolarized Vm (Fig. 4.3B, Kruskal-Wallis & Dunn’s, p = 0.0435) that did not significantly
hyperpolarize (p>0.9999), and a significant increase in the membrane Rin (Fig. 4.3C, Wilcoxon, p
= 0.0007).
O2-inhibited neurons. 48.4% (15/31) of tests during hyperoxia resulted in the classification
of a cSC cell as O2-inhibited. During hyperoxia, O2-inhibited cSC neurons responded with a
significantly decreased ∫FR (Fig. 4.3A, Kruskal-Wallis & Dunn’s, p = 0.0027) that did not
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Table 4.0: cSC neuronal sensitivity to acute normobaric and hyperbaric hyperoxia
Control: 0.4 ATA O2
0.95 ATA O2
1.95 ATA O2
Pooled
O2-excited
4 (36.4%)
10 (50%)
14 (45.2%)
O2-inhibited
5 (45.4%)
10 (50%)
15 (48.4%)
O2-insensitive
2 (18.2%)
2 (6.4%)
Total
11
20
31*
*N=8 cells were tested in both levels of hyperoxia.
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• O2-excited • O2-inhibited • O2-insensitive
Figure 4.2: Effects of hyperoxia on electrophysiological properties of O2-sensitive and O2-insensitive cSC
neurons – Average A) firing rate and B) membrane potential values of all cells tested for O2 sensitivity prior to
classification as an O2-excited (black circles), O2-inhibited (red circles), or O2-insensitive (blue circles) cell. Each
circle represents an individual cell tested in each condition. Hyperoxia did not have any statistically significant effects
on ∫FR (Wilcoxon, p = 0.26) or Vm (Paired t-test, p = 0.39).
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Figure 4.3: Effects of hyperoxia on electrophysiological properties of O2-excited and O2-inhibited cSC neurons
– A) Firing rates of O2-excited (O2 +) and O2-inhibited (O2 -) neurons during exposure to control O2 (black bar),
hyperoxia (white bar), and during recovery (grey bar). Asterisks above hyperoxia bars indicate statistical significance
compared to control O2, while asterisks above recovery bars indicate statistical significance compared to hyperoxia,
and are specific to O2 + and O2 – cells. Statistical analysis included the Kruskal-Wallis test with Dunn’s multiple
comparison test. B) Membrane potentials of O2-excited (O2 +) and O2-inhibited (O2 -) neurons during exposure to
control O2 (black square), hyperoxia (white square), and during recovery (grey square). Asterisks above hyperoxia
squares indicate statistical significance compared to control O2, while asterisks above recovery squares indicate
statistical significance compared to hyperoxia, and are specific to O2 + and O2 – cells. Statistical analysis of O2 +
neurons included the Kruskal-Wallis test with Dunn’s multiple comparison test, while analysis of O2 – neurons
included a 1-way ANOVA with Sidak’s multiple comparison test. C) Membrane input resistance of O2-excited (O2 +)
and O2-inhibited (O2 -) neurons during exposure to control O2 (black bar) and hyperoxia (white bar). Asterisks above
hyperoxia bars indicate statistical significance compared to control O2, and are specific to O2 + and O2 – cells.
Statistical analysis of O2 + neurons included the Wilcoxon test, while analysis of O2 – neurons included a paired ttest. *p<0.05, **p<0.01, ***p<0.001.
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∫ FR
(Hz)
Vm
(mV)
Rin
(MΩ)
198 ±
49
282 ± 57

-

226 ±
20

-57 ± 3
185 ± 20

-69 ± 4
-

-60 ± 4

O2-Inhibited (Fig. 4.3)
N=15
Control
Hyperoxia
Recovery
O2
2.1 ±
0.33 ± 0.25
0.87 ± 0.4
0.45
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226 ± 29

210 ±
24

-52 ± 2

-61 ± 4

-59 ± 3

-57 ± 3

-52 ± 3

O2-Excited (Fig. 4.3)
N=14
Control
Hyperoxia
Recovery
O2
0.01 ±
2 ± 0.5
0.04 ± 0.02
0.01

All O2 Cells (Fig. 4.2)
N=31
Control
Hyperoxia
O2
0.72 ±
1.3 ± 1.7
0.24

142 ±
59

-50 ± 9

1±1

Control
O2

145 ± 59

-49 ± 10

1.1 ± 1.1

Hyperoxia

O2-Insensitive
N=2

Table 4.1: Raw electrophysiological data for experiments testing the O2 sensitivity of cSC neurons during hyperoxia

-

-65.7

-

Recovery

significantly reverse during recovery (p = 0.2618). O2-inhibited neurons also exhibited a
significantly hyperpolarized Vm (Fig. 4.3B, 1-way ANOVA & Sidak’s, p = 0.0445) that did not
significantly hyperpolarize (p = 0.2405), and a significant decrease in the membrane Rin (Fig. 4.3C,
paired t-test, p = 0.0065).
O2-insensitive neurons. Table 4.0 shows that, remarkably, few neurons were classified as
O2-insensitive (2/31) when tested with hyperoxia, which had no statistically significant effects on
the ∫FR, Vm, or Rin of O2-insensitive cells (data not shown).
Cellular sensitivity to hypercapnic acidosis, 0.1 ATA CO2 + 0.4, 0.9, and/or 1.9 ATA
O2. As summarized in Table 4.2, HA was tested in a total of 30 neurons against a background of
control O2, 0.4 ATA. Of these neurons, CO2-chemosensitivity was also tested in 18 neurons against
either one additional level of O2 (0.9 or 1.9 ATA O2) or two additional levels of O2 (0.9 and 1.9
ATA).1 Thus, CO2-chemosensitivity was tested in 0.4 ATA O2 alone in 12 neurons, and against 23 levels of O2 (0.4, 0.9, and/or 1.9 ATA) in 18 neurons. The relatively large sample size of neurons
tested at three levels of pO2, in combination with our experimental design that minimized
potentially confounding influences of O2-induced neural plasticity (37, 52), enabled us to evaluate
how background oxygenation and RONS production (9, 10) affect the proportions of CO2-excited,
CO2-inhibited, and CO2-insensitive neurons in the cSC. As shown in Table 4.2, the proportion of
CO2-excited neurons increased significantly during hyperoxia (p = 0.009) whereas the proportion
of CO2-inhibited neurons trended downward during hyperoxia, although not significantly (p =
0.057).

1

The second and third columns in Table 4.2 add up to > 18 neurons (11 + 16) because in nine cases the same neuron
is counted in both columns since CO2-chemosensitivity was tested in both levels of hyperoxia.
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Figure 4.4: Hyperoxia increases CO2 sensitivity in O2-excited cSC neurons - An example of an O2-excited neuron
exhibiting larger FR responses to HA as background pO2 increased. A) A raw data trace of FR and Vm during several
exposures to different O2/CO2 combinations. Note only a Vm depolarization with no change in FR during HA in 0.4
ATA O2, but significant increases in FR during HA in 0.9 and 1.9 ATA O2. Action potentials are truncated in this
figure. B) A firing rate trace overlaying the response to HA (yellow box) tested during 0.4 (orange), 0.95 (green), and
1.95 (black) ATA O2. Each trace began in normocapnic O2, underwent a 10-minute HA test, and was allowed to
recover in normocapnic O2. C) A Vm trace of the same neuron during normocapnic HBO2 (1, black) and hypercapnic
HBO2 (2, orange), noting both a Vm depolarization and increase in firing rate during hypercapnic HBO2. D) An
expanded Vm trace during a -0.05nA injection to measure the neuron’s Rin, which significantly increased from
normocapnic HBO2 (1) to hypercapnic HBO2 (2).
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Figure 4.5: Hyperoxia increases CO2 sensitivity in O2-inhibited cSC neurons - An example of an O2-inhibited
neuron exhibiting larger FR responses to HA as background pO2 increased. A) A raw data trace of FR and Vm during
several exposures to different O2/CO2 combinations. Note only a slight increase in FR during HA in 0.4 ATA O2, but
significant increases in FR during HA in 0.9 and 1.9 ATA O2 despite O2-induced inhibition of FR prior to a HA test.
Action potentials were truncated. B) A firing rate trace overlaying the response to HA (yellow box) tested during 0.4
(orange), 0.95 (green), and 1.95 (black) ATA O2. Each trace began in normocapnic O2, underwent a 10-minute HA
test, and was allowed to recover in normocapnic O2. C) A Vm trace of the same neuron during normocapnic HBO2 (1,
black) and hypercapnic HBO2 (2, orange), noting both a Vm depolarization and increase in firing rate during
hypercapnic HBO2. D) An expanded Vm trace during a -0.1nA injection to measure the neuron’s Rin, which
significantly increased from normocapnic HBO2 (1) to hypercapnic HBO2 (2).
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Figure 4.6: Hyperoxia affects CO2 sensitivity of cSC neurons - A) An example of an O2-excited cell exhibiting a
larger FR response to HA as background O2 increases. The cell responded to 1.95 ATA O2 with a very large increase
in FR, after which it was allowed time to form a new baseline FR before exposure to HA. This phenomenon was seen
in several cases, and formation of a new baseline FR was required to see the subsequent response to HA. During HA
(yellow box), the cell shows a significantly increased FR, after which it returns to the FR seen during HBO2 alone.
Note no change in FR during HA in 0.4 ATA O2. B) An example of an O2-inhibited cell exhibiting a larger FR response
to HA as background O2 increases. All exposures to HA significantly increased FR despite O2-induced decreases in
FR. The relative change in FR from 0.05-0.1 ATA CO2 increased from 0.4 ATA O2 (1.99) to 1.9 ATA O2 (2.73),
however decreased at 0.9 ATA O2 (1.51). C) An example of a cell that exhibited a smaller FR response to HA as
background O2 increases. All FRs were relatively equal prior to HA exposure. During HA, the largest response was
seen during 0.4 ATA O2, and the smallest during 1.9 ATA O2. This was the only cell tested that exhibited this response.
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0.05

-

-53 ± 4

188 ±
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CO2 (ATA)

∫ FR (Hz)

Vm (mV)

Rin (MΩ)

O2 (ATA)

Rin (MΩ)

Vm (mV)
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CO2 (ATA)

O2 (ATA)

1.61
-57 ±
5
198 ±
43

0.4
N=5
0.1

-

-51 ± 3

2

Rec
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-48

-

0.05

CO2-Inhibited
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-62

-

0.9-0.95
N=1
0.1

-

-52

-

Rec

All CO2 Cells (Fig. 4.7)
0.4
0.9-0.95
1.9-1.95
N=30
N=11
N=16
0.05
0.1
0.05
0.1
0.05
0.1
0.96 ±
2±
1.3 ±
2.7 ±
0.75 ±
3.5 ±
0.27
0.44
0.7
0.74
0.25
0.48
-52 ±
-53 ±
-54 ±
-55 ± 3
-57 ± 4
-63 ± 3
3
4
3
193 ±
217 ±
223 ±
248 ±
229 ±
256 ±
22
19
55
53
38
37
-

-58 ± 4

Rec
0.98 ±
0.42
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147 ±
60

-51 ± 6

0

0
-49 ±
7
148 ±
61

-

0
-47 ±
11

CO2-Insensitive
0.4
N=3
0.05
0.1
Rec

192 ±
21

-59 ± 4

0.05
1.1 ±
0.32

0.4
N=22
0.1
2.4 ±
0.49
-52 ±
4
231 ±
23

CO2-Excited (Fig. 4.8)
0.9-0.95
N=10
0.05
0.1
Rec
1.3 ±
2.7 ± 0.98 ±
0.7
0.74
0.45
-52 ±
-58 ± 4
-59 ± 9
5
238 ±
265 ±
60
55

1.9-1.95
N=16
0.05
0.1
Rec
0.86 ±
3.5 ± 0.79 ±
0.28
0.48
0.27
-54 ±
-59 ±
-62 ± 3
3
3
231 ±
256 ±
36
37

Table 4.3: Raw electrophysiological data for experiments testing the CO2 sensitivity of cSC neurons during hypercapnic
acidosis

Table 4.2: cSC neuronal sensitivity to acute hypercapnic acidosis at various levels of background O2
0.4 ATA O2 0.9 ATA O2
1.9 ATA O2
CO2-excited
22 (73%)
10 (91%)
16 (100%)
CO2-inhibited
5 (17%)
1 (9%)
CO2-insensitive
3 (10%)
Total
30
11
16

Twenty-two of 30 cSC neurons were tested in HA at one or more levels of O2, as well as
at least one level of hyperoxia. Of these 22 cells, 91% (20/22) showed sensitivity to both O2 and
CO2, while 9% (2/22) did not (Table 4.4). This is consistent with previous studies that have
reported the overlap of O2- and CO2-chemosensitivity in cSC neurons (52, 56). CO2-excited
neurons were always O2-sensitive, but were evenly split between also being O2-excited (44%) and
O2-inhibited (56%). In contrast, CO2-inhibited neurons were equally O2-sensitive or O2-insensitive
(Table 4.4).
Figure 4.4 shows an example of a CO2-excited neuron that was tested in multiple levels of
O2. In this case, the neuron was also O2-excited. Firing rate and Vm data are shown in Figure 4.4A
along with markers defining periods of exposure to various gas mixtures. In general, CO2-induced
excitation exhibited a reversible increase in firing rate that was pO2-dependent (Fig. 4.4B). This
increase in firing rate tended to occur with a depolarized Vm (Fig. 4.4C) and increased membrane
Rin (Fig. 4.4D). Initially, in 0.4 ATA O2, HA caused an underlying depolarization without any
firing. Exposure to 0.95 and 1.95 ATA O2, however, increased firing rate the same but caused
progressively larger increases in the firing rate response to HA (Fig. 4.4B). Figure 4.5 is another
example of a CO2-excited cell; however, in this case the neuron was O2-inhibited. Regardless of
O2-excitation or inhibition, CO2-excited cells still showed pO2-dependent increases in firing rate
(Fig. 4.5B). Despite inhibition of firing rate as O2 was increased above 0.40 ATA, the change in
firing rate during HA was progressively greater during HA with increasing oxygenation. As before,
CO2-excitation was accompanied by a depolarized Vm (Fig. 4.5C) and increased membrane Rin
(Fig. 4.5D). Not all neurons tested in the cSC responded as the examples shown in Figs. 4.4 and
4.5. Figures 4.6A, B, C illustrate the variability in how O2 modulated CO2 chemosensitivity in
other neurons. In panel A, the neuron was depolarized by HA without firing in 0.4 ATA O2 (not
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shown, but similar to the neuron in Fig. 4.4); however, in HBO2, HA caused a large increase in
firing rate. In Fig. 4.6B, increasing pO2 decreased firing rate during normocapnia, however, the
change in FR during HA increased proportionately with increasing pO2. Finally, in Fig. 4.6C, the
neuron was O2-sensitive, but increasing pO2 inhibited sensitivity to HA.
Raw data for ∫FR, Vm, and Rin of all cells tested in HA are presented in Table 4.3, where
greyed boxes in a 0.1 ATA CO2 column indicate a significant difference compared to 0.05 ATA
CO2, and greyed boxes in a Recovery (Rec) column indicate a significant difference compared to
0.1 ATA CO2.
First, we examined the effects of HA on the ∫FR and Vm of all cells tested at each level of
O2. A 2-way ANOVA with Sidak’s multiple comparison tests showed a significant interaction (p
= 0.0104) between O2 and CO2 when examining ∫FR, with a significant effect of pCO2 (p<0.0001),
but not pO2 (p = 04377). Moreover, HA significantly increased ∫FR at 0.4 (p = 0.0135), 0.9 (p =
0.0436), and 1.9 (p<0.0001) ATA O2. 2-way ANOVA (Sidak) also showed no significant
interaction (p = 0.0611) between O2 and CO2 when examining Vm. pCO2 had a significant effect
(p<0.0001), but pO2, again, did not (p = 0.493). HA significantly depolarized Vm at 0.4 (p =
0.0489) and 1.9 (p<0.0001) ATA O2, but not 0.9 ATA O2 (p = 0.2579).
CO2-excited neurons. Figure 4.8 shows the effects of HA on the ∫FR, Vm, and Rin of CO2excited cells at each level of background O2. 2-way ANOVA with Tukey’s multiple comparison
test showed a significant interaction (p = 0.0034) between O2 and CO2 when examining ∫FR (Fig.
4.8A), with a significant effect of pCO2 (p<0.0001), but not pO2 (p = 0.5504). HA significantly
increased ∫FR at 0.4 (p = 0.0011), 0.9 (p = 0.0099), and 1.9 (p<0.0001) ATA O2, with significant
decreases seen during recovery at all three levels of O2 (p = 0.0021, p = 0.0007, p<0.0001,
respectively). 2-way ANOVA (Tukey) showed no significant interaction (p = 0.4931) between O2
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and CO2 when examining Vm (Fig. 4.8B). There was a significant effect of pCO2 (p<0.0001), but
not pO2 (p = 0.1077). HA significantly depolarized Vm at 0.4 (p = 0.0007), 0.9 (p = 0.0252), and
1.9 (p<0.0001) ATA O2, with significant repolarization only seen during recovery at 0.4 ATA O2
(p = 0.0123, p = 0.157, p = 0.1548, respectively). Finally, 2-way ANOVA (Sidak) showed no
significant interaction (p = 0.6937) between O2 and CO2 when examining membrane Rin (Fig.
4.8C). There was a significant effect of pCO2 (p = 0.0008), but not O2 (p = 0.6874). HA
significantly increased Rin at 0.4 ATA O2 (p = 0.011), but not 0.9 (p = 0.3141) or 1.9 (p = 0.1965)
ATA O2.
CO2-inhibited and CO2-insensitive neurons. Table 4.2 shows that few CO2-inhibited (5/30)
and CO2-insensitive (3/30) cells were seen at 0.4 ATA O2. Additionally, only 1 CO2-inhibited
neuron was seen at 0.9 ATA O2, while none were seen at 1.9 ATA O2. Likewise, no CO2insensitive cells were seen during hyperoxia. HA had no statistically significant effects on the ∫FR,
Vm, or Rin of CO2-inhibited or CO2-insensitive neurons (data not shown).
CO2 sensitivity as a function of pO2. Of the 30 total cSC cells tested in HA, 18 tested HA
at two or more levels of O2. Of these, 89% (16/18) showed increased excitability (via FR and/or
Vm) during HA as the background pO2 increased, or showed a response to HA during hyperoxia
that was not present at a lower pO2. The remaining 11% (2/18) did not show this response, and in
fact, 1 of those 2 showed a decreased firing rate response to HA as background pO2 increased (Fig.
4.6C).
Further analysis examined 13 of the above 16 neurons, which exhibited an increased ∫FR
response in HA as background pO2 increased. Statistical analysis included relative changes in ∫FR
from 0.05 ATA CO2 to 0.1 ATA CO2 at each O2 level using the Kruskal-Wallis test with Dunn’s
multiple comparison test. The relative ∆∫FR (Fig. 4.9A) from normocapnia to HA in 0.4 ATA O2
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Table 4.4: cSC neuronal sensitivity to both acute hypercapnic acidosis and acute hyperoxia
O2
CO2-excited
CO2-inhibited
Total
¯
CO2®
n
%
n
%
O2-excited
8
44%
89%
1
25%
11%
9
O2-inhibited
10 56%
91%
1
25%
9%
11
O2-insensitive
0
0%
0%
2
50%
100%
2
Total
18
4
22
N = 9 of 31 cells included in this study were not tested in both hypercapnia and hyperoxia. None
of the CO2-insensitive neurons tested were stimulated or inhibited by NBO2 or HBO2.
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Figure 4.7: Effects of hypercapnic acidosis on electrophysiological properties of CO2-sensitive and CO2insensitive cSC neurons at various levels of background O2 - Average A) firing rate and B) membrane potential
values of all cells tested for CO2 sensitivity prior to classification as a CO2-excited (black circles), CO2-inhibited (red
circles), or CO2-insensitive (blue circles) cell. Each circle represents an individual cell tested in each condition, which
included 0.05 ATA CO2 (white bars) and 0.1 ATA CO2 (grey bars) at 0.4, 0.9-0.95, and 1.9-1.95 ATA O2. Statistical
analysis utilized 2-way ANOVA with Sidak’s multiple comparison test to examine the effects of HA at each level of
O2. *p<0.05, **p<0.01, ***p<0.001.
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Figure 4.8: Effects of hypercapnic acidosis on electrophysiological properties of CO2-excited cSC neurons at
various levels of background O2 – A) Firing rates of CO2-excited neurons during exposure to control CO2 (black
bar), HA (white bar), and during recovery (grey bar). Asterisks above HA bars indicate statistical significance
compared to control CO2, while asterisks above recovery bars indicate statistical significance compared to HA, and
are specific to each level of background O2. Statistical analysis included a 2-way ANOVA with Tukey’s multiple
comparison test. B) Membrane potentials of CO2-excited neurons during exposure to control CO2 (black square), HA
(white square), and during recovery (grey square). Asterisks above HA squares indicate statistical significance
compared to control CO2, while asterisks above recovery squares indicate statistical significance compared to HA,
and are specific to each level of background O2. Statistical analysis included a 2-way ANOVA with Tukey’s multiple
comparison test. C) Membrane input resistance of CO2-excited neurons during exposure to control CO2 (black bar)
and HA (white bar). Asterisks above HA bars indicate statistical significance compared to control CO2, and are specific
to each level of background O2. Statistical analysis included a 2-way ANOVA with Sidak’s multiple comparison test.
*p<0.05, **p<0.01, ***p<0.001.
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(0.45 ± 0.24 Hz) did not change compared to 0.9-0.95 ATA O2 (0.89 ± 0.33 Hz), p > 0.9999, but
did significantly increase in 1.9-1.95 ATA O2 (2.7 ± 0.54 Hz), p = 0.0004. Additionally, the relative
∆∫FR showed a trending increase when O2 was increased from 0.9-0.95 to 1.9-1.95 ATA O2,
however it was not statistically different (p = 0.0517).
An underlying question regarding the sensitivities of cSC neurons to hypercapnic acidosis
and hyperoxia is the mechanism(s) by which each stimulus exerts its actions alone, and if these
mechanisms are additive or multiplicative when combined during hypercapnic hyperoxia. The fact
that CO2 and H+ in the presence of bicarbonate and O2 activates two important free radical
pathways suggests the effects may be multiplicative (19). To address this question, we examined
the ∆∫FR during HA alone, hyperoxia alone, and during hypercapnic hyperoxia. This was tested at
both normobaric and hyperbaric hyperoxia. If the ∆∫FR during hypercapnic hyperoxia is similar to
the additive effects of HA and hyperoxia alone, it suggests the mechanisms remain separate during
co-administration. Alternatively, if the ∆∫FR during hypercapnic hyperoxia is much greater than
the additive effects of HA and hyperoxia alone, it suggests the stimuli interact, in part, through a
shared cellular mechanism.
Figure 4.9B shows the effects of hyperoxia alone, HA alone, and hypercapnic hyperoxia
on six neurons tested; three were tested in NBO2, while all six were tested in HBO2. The three
neurons that were tested in NBO2 exhibited an average ∆∫FR of 0.7 ± 0.7 Hz when exposed to HA
alone (in 0.4 ATA O2), and 1.6 ± 0.5 Hz when exposed to NBO2 alone. Together, the calculated
additive effect would have been 1.7 ± 0.5 Hz, whereas the measured ∆∫FR was 1.9 ± 0.8 Hz. While
the measured value was slightly higher, it was not statistically significant (p = 0.7, Mann-Whitney
test). These data suggest that co-administration of HA and NBO2 do not interact through a shared
mechanism.
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Figure 4.9: Hyperoxia increases CO2 excitability as a function of pO2 – A) 13 neurons exhibited an increased ∫FR
during HA as background pO2 increased. Bar graph shows the average relative change in ∫FR from 0.05-0.1 ATA CO2
at each background O2 level, and significantly increases from 0.4 to 1.9-1.95 ATA O2 (Kruskal-Wallis, Dunns, p =
0.0004). ***p<0.0001. B) Six total neurons were tested in HA and hyperoxia (n = 3 in normobaric hyperoxia, n = 6
in hyperbaric hyperoxia) to examine the change in integrated firing rate (∆∫FR) for both stimuli alone and during coadministration. Neurons were tested in HA alone (in 0.4 ATA O2, dark blue) and either normobaric or hyperbaric
hyperoxia (light blue). Values for HA and hyperoxia alone were stacked to represent the calculated value of their
additive ∆∫FR during co-administration. The measured value of ∆∫FR during co-administration (red) was slightly
larger (but not significant) than the calculated value during co-administration of HA and normobaric hyperoxia, but
was significantly larger during co-administration of HA and hyperbaric hyperoxia, p < 0.05.
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The six neurons that were tested in HBO2 exhibited a ∆∫FR of 0.8 ± 0.1 Hz when exposed
to HA alone (in 0.4 ATA O2), and 1.3 ± 0.5 Hz when exposed to hyperoxia alone. Together, the
calculated additive effect would have been 1.4 ± 0.4 Hz, whereas the measured ∆∫FR was 3.1 ±
0.6 Hz. In this case, the measured value showed a strong trending increase compared to the
calculated value, but was not statistically significant (p = 0.0649, Mann-Whitney test). These data
indicate that co-administration of HA and hyperbaric hyperoxia may be multiplicative through
CO2- and O2-sensitive pathways that interact to enhance cellular chemosensitivity; however,
further testing should confirm the trend seen here.

Discussion
Our findings support the conclusion that a subset of neurons in the cSC, which are well
characterized as putative central CO2 chemoreceptors (28, 63), are also sensitive to hyperoxia,
exhibiting both O2-excitation and -inhibition. Neurons that are CO2-insensitive are not sensitive to
hyperoxia. A major finding of this study was that a large percentage of neurons tested (89%)
exhibited increased excitability to HA as a function of increasing pO2 as compared to control O2.
In addition, this study suggests, as reported previously (23), that using a lower level of control
oxygenation (0.4 versus 0.95 ATA) in medullary tissue slices reveals a trend towards an increased
number of CO2-inhibited neurons in the cSC that are rarely encountered using 0.95 ATA control
O2 (13, 22, 24, 43, 56, 65). This raises an important question for future study of whether exposure
to normobaric hyperoxia (0.9-0.95 ATA O2) blunts the neuronal phenotype of CO2-inhibition
while enhancing CO2-excitation (52, 66).
The present study also sought to further describe the interaction between CO2 and O2 in
the cSC by determining cellular CO2 chemosensitivity against 2-3 levels of background
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oxygenation: 0.4, 0.9, and 1.9 ATA O2. Specifically, we wanted to determine if the interactions
between CO2 and O2 that affected firing rate during hypercapnic hyperoxia were additive or
multiplicative in their combined effects on firing rate. Our findings indicate that the interaction
between CO2/H+ and O2/RONS on ∫FR seems to be multiplicative at the highest level of O2 we
tested (1.9 ATA) but only additive at the lower level of hyperoxia (0.9 ATA O2).
The present study did not use chemical synaptic blockade to isolate the neurons recorded
from adjoining neurons or glial cells. However, we previously reported that cellular CO2-excitation
in the cSC occurred in “dorsal” medullary slices in which in the ventral half of slice was removed.
The dorsal slice preparation thus removed the possibility of local synaptic input to the cSC region
from chemosensitive neurons in the medullary raphe and ventrolateral medulla (22). We also
reported that CO2-excitation is retained in the majority of cSC neurons during chemical synaptic
blockade (22, 43). Thus, it is established that CO2-excitation is an intrinsic property of certain
neurons in the cSC. However, since we used intact transverse slices and did not use synaptic
blockade in the present study, it is conceivable that some proportion of neurons identified as CO2excited (and -inhibited) were driven by chemosensitive neurons located elsewhere in the slice. The
extent of local circuit connectivity retained between neurons in different nuclei in a 400µm
transverse thick slice harvested from weaned rats, however, has not been determined to our
knowledge. We also did not investigate the possibility of potential neuronal-glia interactions.
However, given the emerging importance that neuronal-glial interactions are thought to have on
autonomic function (53) and respiratory control (59), it will be important in future studies to
address the effects and interactions of O2RONS and CO2/pH and these cellular interactions.
Nonetheless, the present findings reveal that background oxygenation (and RONS production (9,
10) modifies cellular and/or local synaptic network sensitivities to HA. To date, the effects of
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graded hyperoxia on cSC neurons have not been systematically studied during chemical synaptic
blockade in brain slices.

Hyperoxia as a Stimulus in the Brain Slice Preparation
Because neurons in the cSC are sensitive to hyperoxia (52, 56), we have previously
questioned whether the use 0.95 ATA O2, the standard level of control O2 used in brain slice studies
(26), is too much oxygen and may be unnaturally stimulating neural activity by activation of
endogenous redox-sensitive mechanism(s). For example, many cSC neurons in medullary slices
maintained in 0.4 ATA versus 0.95 ATA control O2 have a lower spontaneous firing rate (52), but
remain viable based on electrophysiology criteria (this study) (8, 52). Moreover, 0.95 ATA O2, as
demonstrated here, is a stimulus of òFR in certain cSC neurons. In fact, aerating aCSF with 0.95
ATA produces a hyperoxic brain slice preparation. pO2 measurements made from the surface to
the core of submerged 300 µm thick cSC tissue slices revealed that 0.95 ATA produces a range of
tissue pO2 equivalent to a rodent breathing 2-2.5 ATA pure O2 (in vivo) (55). Real time
fluorescence measurements of RONS production in the cSC indicate that one-three hours of
exposure to 0.95 ATA O2 significantly increases production of singlet oxygen (73), superoxide
and nitric oxide (10), and a host of downstream reactive species (9). Likewise, measurements in
submerged, thicker CA1 hippocampal slices (400 µm) recorded similar abnormally high pO2’s at
the surface and core, as well as increased levels of superoxide production and significantly
increased cell death at pO2s >0.4 ATA (16, 37). Therefore, we chose to use 0.4 ATA O2 as our
control level of O2 to decrease the background level of oxygenation and RONS production that is
activating cSC neurons under control O2 conditions. By doing so, we also reduced the risk of
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potential redox stress and cell death, although the degree to which this occurs in cSC neurons is
unclear (9).
Using 0.4 ATA control O2, however, is still hyperoxic compared to the intact CNS of an
air-breathing mammal residing at sea level. The resultant brain slice tissue pO2 measures ~296
mmHg at the surface of the slice (Fig. 4.0A), whereas normal brain tissue pO2 ranges from <10 up
to 35 mmHg (26). Decreasing pO2 to 0.21 ATA still produces a hyperoxic slice at the surface, but
the core approximates normoxia (in vivo) (55). It is unknown, however, if cSC neurons are
electrophysiologically viable under these conditions. Some investigators have suggested that, in
general, brain slices require higher levels of control O2 to maintain slice viability due to loss of
neuronal-vascular coupling mechanisms that are present in the intact CNS for restoration of redox
state following periods of intense neural activation (40, 41, 82). The question is how much
hyperoxia should be used? To quote Erecinska and Silver (34), “…oxygen pressure in the
mammalian CNS is maintained at a level which is sufficiently high to ensure undisturbed function
of brain cells… and sufficiently low to minimize generation of free radicals.” Likewise, we have
used 0.4 ATA O2 to minimize production of RONS (9, 10) while supplying sufficient O2 to
maintain electrophysiological function (this study) (52).

Control O2: 0.4 ATA versus 0.95 ATA and the Effects of Hyperoxia
This study was just the second to examine the excitability of cSC neurons during exposure
to a hyperoxic stimulus while using 0.4 ATA O2 as a control condition (52). Altogether, 0.95 ATA
O2 was tested in 11 neurons as a hyperoxic stimulus; 36.4% were O2-excited, 45.4% were O2inhibited, and 18.2% were O2-insensitive (Table 4.0). Compared to the results seen in Matott et al.
(2014; summarized in Table 4.3), we saw fewer O2-excited neurons, more O2-inhibited neurons,
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and a similar percentage of O2-insensitive neurons. Unlike the study by Matott et al. (52), the
current study was designed to reduce the probability of neural plasticity occurring in the medulla
activated by O2 manipulations (4, 37, 51, 66). This may have accounted for the differences in the
numbers of O2-excited and O2-inhibited neurons seen here as compared to our earlier study (52).
The present study was also the first to test the effects of HBO2 on cSC neurons relative to
the lower level of 0.4 ATA control O2. Mulkey et al. (56) first examined HBO2 sensitivity in cSC
cells, but used a 0.95 ATA O2 control. Here we tested HBO2 in 20 cells; 50% were O2-excited and
50% were O2-inhibited (Table 4.0). As summarized in Table 4.5, using 0.4 ATA O2 as the control
condition we saw no O2-insensitive cells and a much larger percentage of O2-sensitive cells that
included the trend towards a larger percentage of O2-inhibited neurons during hyperoxia. O2inhibited neurons had opposite cellular properties of O2-excited neurons: decreased ∫FR,
hyperpolarized Vm, and a decreased Rin, which we hypothesize results from opening of K+
channels. This will be tested in a future study.
The comparison of our findings to Mulkey et al. (56) begs the question: does protracted
exposure (hours) to a higher level of control pO2 (0.95 ATA O2) blunt cellular òFR responses to
acute exposure to HBO2? In the present study, a larger percentage of neurons maintained in a lower
level of control O2 (0.4 ATA) responded to HBO2 than in the study by Mulkey et al. (56), which
used 0.95 ATA O2 as the control, suggesting this may be the case (Table 4.5). Adaptation of the
tissue to a hyperoxic control condition over the course of slicing, incubation, and experimentation
could conceivably result in an increased antioxidant profile (9, 10). Previous studies (9, 10) have
shown hyperoxia increases the rate at which RONS are produced in cSC neurons over time.
However, it remains unknown how these neurons respond via their intrinsic antioxidant defense
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Table 4.5: Effects of acute hyperoxia on cSC neurons across multiple studies
Transverse
Response to Hyperoxia
Control Gas
Hyperoxic
Brain Slices
Study
(%O2/%CO2), Treatment
(300-400
Excited Inhibited Insensitive
Temperature
(ATA)
µm)
Mulkey
et al.
Adult rat
95/5,
None
2.2, 3.3
38%
62%
2003a
(>75g)
37ºC
reported
(56)
Matott
et al.
Neonatal rats
40/5,
0.95
67.4%
2.3%
30.3%
2013
(P2-22)
34-37ºC
(52)
This
Neonatal rats
40/5,
0.95,
45.2%
48.4%
6.4%
study
(P16-41)
35-36ºC
1.95
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mechanisms. Future studies should seek to answer this question by measuring antioxidant levels
and redox potential in 0.4 ATA vs. 0.95 ATA O2 control tissue.

Enhanced Cellular CO2 Excitability with Increasing pO2
Increasing pO2 had two important effects on cellular CO2 chemosensitivity in the cSC; it
increased the proportion of CO2-excited neurons, and increased the magnitude of the firing rate
response to HA (Fig. 4.9A). The stimulatory effect of hyperoxia on CO2 chemosensitivity was
additive in NBO2 and seemingly multiplicative in HBO2. The increasing stimulatory effects of
HBO2, we predict, are due to the stimulatory effects of HA on RONS production (9, 19). It is also
possible that the larger extracellular acidification measured during HBO2 (Fig. 4.0B) may have
contributed to the greater level of CO2-excitation during HBO2 versus control O2 and NBO2. This
will be discussed in further detail below in the next section.
While the majority of studies have tested the effects of HA on cSC neurons during
hyperoxia using 0.85-0.95 ATA O2 (13, 22, 24, 43, 52, 56, 57, 64-66), only three studies, including
the present, have examined CO2 chemosensitivity at different levels of background oxygenation
(27, 52, 56). These studies did so once cells were already determined to be O2- and CO2-excited.
Here, we tested neuronal sensitivity to HA at one or more levels of hyperoxia regardless of how
the cell responded to HA in control O2. In addition, unlike previous studies, equivalent periods of
HA were used and the experiment controlled for repeated O2 manipulations. In summary, we found
73% of cSC neurons were CO2-excited during a HA test with a control O2 background.
Additionally, 17% were CO2-inhibited and 10% were CO2-insensitive. As background O2 was
increased, we saw the percentage of CO2-excited neurons increase from 73% to 91% in 0.9 ATA
O2 and 100% in 1.9 ATA O2. Likewise, the percentage of CO2-inhibited neurons decreased from
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17% to 9% in 0.9 ATA O2 and 0% in 1.9 ATA O2. No CO2-insensitive neurons were seen during
acute hyperoxia. Only one other study has examined CO2 sensitivity in cSC neurons using a 0.4
ATA O2 control (52). Compared to the present study, Matott et al. (52) reported a lower proportion
of CO2-excited cells (31%), a higher proportion of CO2-insensitive cells (37%), and a similar
proportion of CO2-inhibited cells (31%). The differences between the two studies could be due to
differences in the numbers of O2 manipulations endured per slice and the potential for O2-induced
neural plasticity (37), or to the use of sharp-tipped microelectrodes rather than patch clamp
micropipettes to avoid any potential intracellular washout (18, 42, 71).
Many studies have examined CO2 sensitivity in the in vitro cSC brainstem slice preparation
since it was first described Miles (54), including Dean (22, 24), Huang et al. (43), Mulkey et al.
(56, 57), Nichols et al. (64-66), Conrad et al. (13), and Matott et al. (52). Aside from the study by
Matott et al. (52), all have used 0.95 ATA O2 as their control level of O2. On average, these studies
found ~43% of cSC neurons to be CO2-excited during HA, with a range of 18-57%.2 A variety of
recording techniques were used to study CO2-chemosensitivity in cSC neurons including
extracellular microelectrodes (22, 54), intracellular sharp-tipped microelectrodes (22, 24, 56, 57),
and whole-cell micropipettes (13, 52, 64, 65). When using patch clamp micropipettes, cellular
CO2-chemosensitivity was lost due to whole-cell washout (18), but restored when using the
perforated patch configuration to restore chemosensitivity (23, 43) or, alternatively, lowering the
EGTA level and removing CaCl2 in the pipette solution for whole cell recordings (13, 36, 64, 66).
Regardless of the foregoing caveats, in general, there was a significant percentage of CO2insensitive cells, ranging from 29-70%, and a relatively low percentage of CO2-inhibited cells,

2

The range in percentage of CO2-excited neurons encountered likely involved a certain level of sampling bias in some
of these studies since early on a larger number of transverse slices were sampled until the “sweet spot” was identified
after several studies. Although not systematically studied, it is our impression the more rostral medullary slices have
a lower density of CO2-excited neurons (in 0.95 ATA O2).
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generally 12% or less and in most cases, zero percent. It should be noted that 0.95 ATA O2
produces a relatively alkaline pHi in cSC neurons than in neighboring hypoglossal neurons and
inferior olive neurons (72), and lowering O2 down to 0.4 ATA O2 decreases pHi by ~0.13 pH units
such that it is more comparable to other regions of the CNS (69). This effect of O2 on control pHi
prior to HA may explain in part the larger percentage of CO2-excited neurons seen in this study in
0.4 ATA O2, which was 73%. The use of hyperbaric helium (2 ATA), was not believed to be a
factor in cellular CO2-chemosensitivity since previously we determined that barosensitivity to
hyperbaric helium is randomly distributed across cSC neurons regardless of their O2 and CO2
chemosensitivity (57).

Mechanism(s) of Action
cSC neurons are electrically stimulated by HA, hyperoxia, and chemical oxidants (13, 22,
24, 52, 56, 58, 64, 65). We (58) have proposed a model whereby cSC neurons respond to oxidative
stimuli and HA through two parallel pathways that converge at various points including coinhibition of the Na+-H+-exchanger (NHE) by cellular oxidation and extracellular acidosis during
HA, both of which induce sustained intracellular acidosis during HA and oxidation (58).
Interestingly, clamping pHi during oxidation tends to attenuate but does not abolish the stimulatory
effect of oxidation on firing rate of cSC neurons (58). Cellular oxidation could also reduce pHi by
increasing metabolic production of lactate (75, 76). The second point of convergence in the two
parallel pathways of activation occur presumably at K+-channels since both HA and hyperoxia
alone increase Rin; i.e., decrease membrane conductance. At each of these points in the oxidative
pathway, HA can enhance the effects of RONS by increasing their production via the proton
activation of the Fenton reaction (3, 77), and CO2 reacting with peroxynitrite (6, 70). Increasing
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pO2 and thus cellular oxidation could be enhancing CO2 responsiveness at one or both of these
points. The fact that the combined effects of HA and NBO2 were additive at lower levels of
hypercapnic hyperoxia and multiplicative at higher levels of hypercapnic hyperoxia suggest the
influence of pO2 on RONS production during HA becomes an increasingly more significant (9,
19). Additionally, the apparently greater extracellular acidification observed during HBO2 versus
NBO2 (Fig. 4.0B) could have been a contributing factor to enhanced cellular CO2-excitation during
HBO2. This explanation, however, is at odds with our previous measurements of intracellular pH
in cSC neurons indicating that aerating aCSF with >0.6 ATA O2 increases intracellular pH in
nucleus tractus solitarius neurons (i.e., cSC neurons) (69). Clearly, studies are needed in which
intracellular pH, extracellular pH, tissue pO2, and Vm are recorded simultaneously to fully
understand the integrative actions of these stimuli (H+ and RONS) on cellular signaling (Vm and/or
òFR) in the cSC and other brainstem nuclei.
Interestingly, the interactions between CO2/H+ and O2/RONS that enhance cellular CO2
chemosensitivity occur regardless of whether the cell was O2-excited or O2-inhibited during
normocapnia. The target at which this divergence occurs is likely the various ion channels
expressed by cSC neurons. Several types of K+ channels present in the cSC have been shown to
respond to decreases in pH, including voltage-gated K+ (Kv) channels and the large conductance
Ca2+-dependent K+ (BK) channel (7, 44, 48, 67). Moreover, pharmacological studies inhibiting
BK and A-type Kv channel activity have successfully blocked the cellular response to HA (1, 17,
50, 84). Importantly, these channels are variably affected by RONS (1, 31, 33, 86) and chemical
oxidants (31, 74, 78-80). Therefore, because these channels have variable activity during exposure
to different stimuli, several possibilities exist for RONS and acidosis to modulate the responses of
O2 and CO2 during co-administration.
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Conclusions and Future Directions
While hyperoxia is an unnatural stimulus, it is nonetheless a commonly encountered manmade stimulus. Neuronal sensitivity to hyperoxia, however, suggests that the cellular machinery
is present for redox and nitrosative physiological signaling (30). Thus, sensitivity to hyperoxia
suggests a role for these oxidative mechanisms in neuronal CO2-chemosensitivity and the many
other functions controlled by cSC neurons (20, 28). Specifically, this study supports the hypothesis
that hyperoxia-induced free radical production increases the response of cSC neurons to HA via
co-activation of parallel O2-/RONS-sensitive and CO2/H+-sensitive mechanisms that decrease
membrane conductance to K+ (58) given that both hyperoxia and HA stimulate neuronal firing rate
and increase membrane Rin (this study) (22, 24). In addition, these two chemosensitive pathways
converge at the point where HA enhances production of RONS at a given level of pO2 more so
than during normocapnia. The stimulatory effect of HA on RONS production is thought to occur
primarily by activation of the peroxynitrite-CO2 reaction (9, 19). Future studies should seek to
determine the effects of pharmacologically targeting specific redox and nitrosative pathways to
determine the effects of CO2/H+ on specific patterns of RONS production as well as which ion
channels are responsible for the firing rate response to hypercapnic hyperoxia (9, 10).
At the cellular level, the findings reported here and elsewhere (52, 66) also support the
hypothesis that decreasing background oxygenation unmasks a population of CO2-inhibited
neurons in the cSC. Previously, CO2-inhibited neurons have been omitted from all discussions of
the cellular mechanisms of central chemoreception because the evidence suggested they do not
occur in the cSC. Clearly, tissue oxygenation is an experimental variable that needs to be
considered in future brain slice studies given the results reported here and elsewhere (9, 10) in
which background oxygenation can dramatically alter functional output measured in brain slices.
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However, neuronal sensitivity to hyperoxia and HA also underscores the importance of
understanding brainstem function under adverse, real environments in which hyperoxic gases are
breathed during times of CO2 retention. Therefore, understanding the mechanisms underlying
hyperoxia-induced increases in neuronal excitability that are exacerbated by CO2 can assist in the
prevention and/or treatment of pathologies involving concurrent exposure to both stimuli. For
example, one scenario where this is encountered is in underwater diving pathophysiology, where
CNS O2 toxicity seizures and CO2 retention occur (39, 45). Latency time to onset of seizure while
breathing HBO2 is accelerated by CO2 retention, which causes vasodilation that increases cerebral
pO2 (29, 45) and exacerbates O2-induced free radical production throughout the CNS as discussed
above (19, 32, 81, 85). Moreover, both hyperoxia and HA stimulate breathing in mammalian
animal models and humans (5, 38, 60, 61, 68). Seizures while breathing HBO2 are preceded by
hyperoxic hyperpnea (27), which may be a useful physiological predictor of an impending seizure
(68). Clearly, CO2 retention during HBO2 will modify the temporal pattern of ventilation prior to
seizure in a manner that must be determined to fully understand the usefulness of this predictive
physio-marker in diving medicine. In addition, the extraordinary capacity for hyperoxia and other
oxidative stimuli to increase the cellular CO2-chemosensitivity of cSC neurons provides potential
targets for increasing central chemosensitivity under conditions and diseases in which the
hypercapnic ventilatory response is blunted, such as sleep apneas and COPD.
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CHAPTER 5:
SUMMARY OF MAJOR FINDINGS

Fluorescence Microscopy
In this study we used flourogenic dyes to measure various reactive species of interest,
where the rate of dye fluorescence (∆FIU/min) was indicative of RONS accumulation (i.e.
increased production and/or decreased removal). Our dyes included DHE, DAF-FM DA, and
DHR123 to measure ˙O2-, ˙NO, and an aggregate pool of downstream RONS, respectively. We
hypothesized that hyperoxia would increase the accumulation of all RONS of interest, while HA
would exacerbate the accumulation of downstream RONS, especially during hyperoxia.
In general, normobaric hyperoxia (0.95 ATA O2) increased the ∆FIU/min of ˙O2- and ˙NO
in cSC neurons; however, detecting these increases required inhibition of the coupled, concurrent
biochemical reactions that otherwise consume ˙O2- and ˙NO and blunt or abolish measureable
changes in ∆FIU/min. For example, DHE measurements required the inhibition of ˙NO production
and SOD activity to allow for the accumulation of ˙O2-, while DAF-FM DA measurements
required scavenging of ˙O2- with SOD mimetics to allow for the accumulation of ˙NO (Fig. 2.7).
The downstream RONS measured by DHR123 were hypothesized to be affected by the
presence of HA, which was an additional stimulus during both control O2 and hyperoxia. aCSF
superfusing our brain slices also included, in some cases, pharmacological agents to tease apart
the contributions of two separate pathways of RONS production to overall DHR123 fluorescence.
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Experiments run using control aCSF all showed a percent decrease in ∆FIU/min over time that
was significantly less during HA, hyperoxia, or hypercapnic hyperoxia. Uric acid was added to
aCSF to scavenger ONOO-, allowing DHR123 measurements to focus on activity of the Fenton
reaction. Again, these data generally showed a percent decrease in ∆FIU/min over time that was
significantly less during HA and hyperoxia, and even reversed to a percent increase in ∆FIU/min
during hypercapnic hyperoxia. Finally, deferoxamine was added to aCSF to chelate iron in an
effort to attenuate the Fenton reaction, allowing DHR123 measurements to focus on the production
of ONOO- and its derivatives. In these experiments, we generally saw a percent increase in
∆FIU/min over time that generally increased during exposure to HA, hyperoxia, and hypercapnic
hyperoxia (Fig. 3.4).
Overall, these data show that hyperoxia ± HA increase RONS accumulation over time in
cSC cells in our rat brain stem slices.

CO2 Narcosis
In our fluorescence experiments, the use of graded CO2 and hypoxia before euthanasia was
examined as our study was interested in CO2-dependent RONS production in an area known to be
involved in central CO2-chemoreception.
In general, CO2 narcosis only had variable effects on DHE fluorescence during control O2.
No effects were seen during DHE measurements in tissue exposed to hyperoxia. Likewise, no
effects were seen during any the measurement of DAF-FM DA fluorescence (Fig 2.7).
The effects of CO2 narcosis on DHR123 fluorescenece in the presence of control aCSF
were variable. However, CO2 narcosis tended to blunt DHR123 fluorescence focused on the
Fenton reaction pathway, while enhancing fluorescence focused on the ONOO-/CO2 pathway (Fig.
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3.4). As CO2 narcosis had no effects on ˙NO fluorescence, these data suggest narcosis may be
affecting ˙O2- accumulation.

Colorimetric Assays
Our fluorescence experiments affirmed the increased production of RONS during
hyperoxia and HA. While RONS are physiologically relevant, in that the take part in various
signaling mechanisms, over-accumulation can result in damage to proteins, DNA, and lipids,
leading to cellular dysfunction and death. Here, we measured markers of oxidative and nitrosative
stress, including lipid peroxidation (MDA), protein oxidation (protein carbonyls), and protein
nitration (3-NT) at graded levels of O2 ± HA. We hypothesized that each marker of redox stress
would increase in an O2-dependent manner, with an additional HA-dependent increase at each
pO2. Further, we expected an increase detection of redox stress over time. In general, hyperoxia ±
HA either had no effect, or showed a paradoxical decrease in redox stress, although increases were
seen in some cases. Moreover, redox stress tended to either remain unchanged or decrease over
time. Therefore, we were unable to make any definitive conclusions regarding hyperoxia- and HAdependent induction of redox stress over time in the cSC (Fig. 3.5, 3.6, 3.7).

Electrophysiology
Finally, because cSC neurons are stimulated by both HA and hyperoxia, we sought to
determine the effects of hypercapnic hyperoxia on the electrophysiological properties of these
neurons. We hypothesized that, if a neuron was O2- or CO2-sensitive, it would most likely be
sensitive to both stimuli. Further, we hypothesized that hyperoxia and HA would each exert
individual stimulatory effects on the cell, but that either of these stimuli would increase the cells’
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response to the other. When testing acute hyperoxia, we found that ~82% of cSC cells were
sensitive to normobaric hyperoxia (0.95 ATA O2), while 100% were sensitive to hyperbaric
hyperoxia (1.95 ATA O2). ~45% of these O2-sensitive neurons were O2-excited, while ~48% were
O2-inhibited (Table 4.0). O2-excited neurons responded with an increased firing rate, a depolarized
membrane potential, and an increase in membrane input resistance. O2-inhibited neurons
responded with a decreased firing rate, a hyperpolarized membrane potential, and a decrease in
membrane input resistance (Fig. 4.3).
Moreover, the percentage of CO2 excited cells increased as a function of pO2. In control
O2, 73% of neurons were CO2-excited and 17% were CO2-inhibited. The percentage of CO2excited neurons significantly increased to 91% in normobaric hyperoxia and 100% in hyperbaric
hyperoxia, while the percentage of CO2-inhibited neurons showed a decreasing trend to 9% in
normobaric hyperoxia and 0% in hyperbaric hyperoxia (Table 4.2). When examining the effects
of background pO2 on the magnitude of the CO2 response, we noted that the relative firing rate
change of CO2-excited neurons during HA increased as a function pO2, such that we saw a
significantly larger change in ∆FR during HA when the background O2 was 1.9 ATA compared to
0.4 ATA (Fig. 4.9A).
Finally, to determine if O2 and CO2 affect cSC neurons via separate or overlapping
pathways, we compared the change in firing rate during either condition alone vs. coadministration. We found that HA had an additive effect with normobaric hyperoxia and a
multiplicative effect with hyperbaric hyperoxia (Fig. 4.9B), suggesting a free radical-mediated
mechanistic overlap occurs during hyperoxia-dependent, HA-exacerbated RONS production.
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CHAPTER 6:
CONCLUSIONS AND FUTURE DIRECTIONS

In this study, we have seen hyperoxia stimulate the production of both ˙O2- and ˙NO, as
well as aggregate downstream RONS over several hours. Further, HA not only increases RONS
production in 0.4 ATA O2, but also modulates increased RONS production during hyperoxia as
well. As such, this study supports the use of a lower level of control O2 in our model to maximize
physiological relevance while minimizing the potentially confounding effects of an increased state
of oxidative and nitrosative signaling and potentially stress (1, 10). Using a lower level of O2 in
brain slices will limit the neuromodulatory effects of hyperoxia on cSC neuronal function and the
potential oxidative and nitrosative stress that may lead to cell death over time (1). 0.4 ATA O2 still
produces a relatively high pO2 at the surface of the tissue slice (11). Accordingly, lower levels of
O2 may be needed to produce a physiologically relevant pO2, but may require thinner slices to
avoid a “hypoxic” core and maintain sufficient cellular metabolism. As 0.2 ATA O2 results in a
metabolically-inactive, non-viable brain slice based on estimates of tissue O2 consumption (11),
the optimal pO2 that minimizes RONS production in the cSC while maintaining a viable medullary
slice may lie between 0.2 and 0.4 ATA O2.
While increased RONS production was measured, we were unable to see a concurrent
increase in redox stress. The data suggest the reason may lie in the cells’ ability to remove damaged
lipids and proteins to maintain cellular health and viability (7). Future studies should seek to take
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advantage of real-time measurement of markers of oxidative and nitrosative stress, or examine
more time points over a shorter exposure. Assays for antioxidant activity may be another
alternative, as we would expect to see increased antioxidant capacity and/or a larger ratio of
oxidized:reduced antioxidants over time and/or with a larger stimulus (i.e. oxidized to reduced
glutathione, GSSG:GSH). As brain stem slices did not exclusively contain the cSC, any results
contrary to our hypotheses may have occurred because the entire slice “population” is not
necessarily representative of the cSC “sample”. More recent technology (e.g. the Redoxsys
System) has the ability to measure tissue redox potential while requiring a significantly reduced
amount of tissue sample, potentially allowing for specific analysis of cSC tissue at various levels
of hyperoxia ± HA.
Alternatively, hyperoxia ± HA may increase oxidative and nitrosative signaling via RONS
production (as shown), but don’t result in stress. cSC neurons can produce a similar amount of
˙O2- over a broad range of pO2, however its unknown whether this is a relatively small or large
amount. If large, cSC neurons may have an inherently enhanced capacity to maintain high levels
of RONS to maintain required redox signaling mechanisms while minimizing subsequent stress.
Future studies should measure cell death as a function of hyperoxia ± HA over time to determine
if increased RONS ultimately results in irreparable damage to the cell. Overall, enhanced free
radical production during hyperoxia ± HA can aid in the understanding of mechanisms underlying
other pathologies that include concurrent HA and either hyperoxia or re-oxygenation, including
ischemia-reperfusion injury and sleep apneas (8, 15).
Similar increases in pO2 lasting only 8-25 minutes during electrophysiological experiments
testing the O2 sensitivity of cSC neurons have reversible and repeatable effects, suggesting that
hyperoxia may be activating normal redox-sensitive cellular signaling mechanisms. Future studies
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should focus on shorter exposure times more relevant to those experienced by tissue slices during
electrophysiology protocols (i.e. 10 - 20 minutes) to determine if oxidative and nitrosative stress
or a shift in redox potential can and do occur in this window in an effort to elucidate the role of
redox stress on O2-induced neuronal excitability.
Neurons were also tested for sensitivity to HA at multiple levels of background O2,
revealing that not only did a larger percentage of neurons show sensitivity to HA during acute
hyperoxia, but that the magnitude of HA-induced excitation became larger as well. That fact that
HBO2 is able to modulate neuronal excitability to CO2 in a multiplicative manner suggests these
stimuli utilize a convergent mechanism, such that hyperoxia-induced free radicals increase the HA
response via the ability of CO2/H+ to increase downstream RONS that ultimately alter ion channel
function and cellular excitability (3, 12). Future studies should use antioxidants to determine if HA
utilizes a RONS-mediated mechanism at any background pO2, and specific ion channel inhibitors
to assess which ion channels are responsible for this response. Moreover, as the response to cSC
neurons can be abolished by 4-AP (2, 9), so too may the response to hyperoxia.
Overall, these findings suggest HBO2 can be used to attenuate the blunted hypercapnic
ventilatory response seen in conditions such as COPD and sleep apneas (5, 16). Further, these data
offer a potential mechanism underlying the phenomenon of hyperoxic hyperpnea, in which minute
ventilation increases in the minutes preceding a CNS-OT seizure (14). The cSC is a crucial site of
cardiorespiratory integration that exhibits enhanced neuronal sensitivity to HA during hyperoxia
and receives pronounced increases in blood flow prior to seizure (4, 6). Therefore, its ability to
alter respiration suggests it may play a role in the early detection and prevention of life-threatening,
underwater convulsions by providing a detectable physiological parameter in response to
prolonged breathing of hyperoxia. As such, it seems prudent to examine the role of the cSC in vivo
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during HBO2 on autonomic functions such as heart rate and minute ventilation, in addition to
testing the direct effects of stimulation and/or inhibition of the cSC on seizure latency. It is
currently unknown if other areas within the central CO2 chemoreceptive network are O2 sensitive
or, alternatively, if hyperoxia-dependent excitation is unique to the cSC. As the full effect of the
HCVR requires activation of multiple sites of CO2 chemoreception (13), it would be expected that
hyperoxia-dependent changes in ventilation would occur in a similar manner.
Finally, it is clear that CO2 narcosis prior to tissue harvesting is having long-lasting effects
on RONS accumulation. We postulate that this occurs by altering RONS production and/or
antioxidant capacity, potentially via disturbance of pH homeostasis. Future studies should seek to
further characterize the effects of narcosis prior to euthanasia to determine if it significantly alters
normal physiological function. For example, it may be prudent to determine if CO2 narcosis has
any effects during either control conditions or hyperoxia ± HA on variables such as intracellular
pH, redox potential, antioxidant capacity and/or activity, cell death, and electrophysiological
properties such as resting membrane potential and firing rate.

References
1.
D'Agostino DP, Putnam RW, and Dean JB. Superoxide (˙O2−) Production in CA1
Neurons of Rat Hippocampal Slices Exposed to Graded Levels of Oxygen. Journal of
Neurophysiology 98: 1030-1041, 2007.
2.
Dean J, Gallman E, and Millhorn D. Electrophysiology and morphology of CO2sensitive neurons in the dorsal vagal complex studied in vitro. In: Soc Neurosci Abstr1990, p. 1235.
3.
Dean JB. Hypercapnia causes cellular oxidation and nitrosation in addition to acidosis:
implications for CO2 chemoreceptor function and dysfunction. Journal of Applied Physiology 108:
1786-1795, 2010.
4.
Dean JB, and Putnam RW. The caudal solitary complex is a site of central CO2
chemoreception and integration of multiple systems that regulate expired CO2. Respiratory
Physiology & Neurobiology 173: 274-287, 2010.
186

5.
Garay SM, Rapoport D, Sorkin B, Epstein H, Feinberg I, and Goldring RM.
Regulation of Ventilation in the Obstructive Sleep Apnea Syndrome 1–3. American Review of
Respiratory Disease 124: 451-457, 1981.
6.
Gasier HG, Demchenko IT, Allen BW, and Piantadosi CA. Effects of striatal nitric
oxide production on regional cerebral blood flow and seizure development in rats exposed to
extreme hyperoxia. Journal of Applied Physiology 119: 1282-1288, 2015.
7.
Halliwell B, and Gutteridge JMC. Free Radicals in Biology and Medicine. Oxford
University Press, 2015.
8.
Leonard MO, Kieran NE, Howell K, Burne MJ, Varadarajan R, Dhakshinamoorthy
S, Porter AG, O’Farrelly C, Rabb H, and Taylor CT. Reoxygenation-specific activation of the
antioxidant transcription factor Nrf2 mediates cytoprotective gene expression in ischemiareperfusion injury. The FASEB Journal 20: 2624-2626, 2006.
9.
Li K, and Putnam R. Hypercapnia inhibits a transient K+ current in chemosensitive
neurons from the nucleus tractus solitarius (NTS) of neonatal rats. In: Soc Neurosci Abstr2010.
10.
Matott MP, Ciarlone GE, Putnam RW, and Dean JB. Normobaric hyperoxia (95% O2)
stimulates CO2-sensitive and CO2-insensitive neurons in the caudal solitary complex of rat
medullary tissue slices maintained in 40% O2. Neuroscience 270: 98-122, 2014.
11.
Mulkey DK, Henderson RA, Olson JE, Putnam RW, and Dean JB. Oxygen
measurements in brain stem slices exposed to normobaric hyperoxia and hyperbaric oxygen.
Journal of Applied Physiology 90: 1887-1899, 2001.
12.
Mulkey DK, Henderson RA, Ritucci NA, Putnam RW, and Dean JB. Oxidative stress
decreases pHi and Na+/H+ exchange and increases excitability of solitary complex neurons from
rat brain slices. American Journal of Physiology - Cell Physiology 286: C940-C951, 2004.
13.
Nattie E. Multiple sites for central chemoreception: their roles in response sensitivity and
in sleep and wakefulness. Respiration physiology 122: 223-235, 2000.
14.
Pilla R, Landon CS, and Dean JB. A potential early physiological marker for CNS
oxygen toxicity: hyperoxic hyperpnea precedes seizure in unanesthetized rats breathing hyperbaric
oxygen. Journal of Applied Physiology 114: 1009-1020, 2013.
15.
Ryan S, Taylor CT, and McNicholas WT. Selective activation of inflammatory pathways
by intermittent hypoxia in obstructive sleep apnea syndrome. Circulation 112: 2660-2667, 2005.
16.
Scano G, Spinelli A, Duranti R, Gorini M, Gigliotti F, Goti P, and Milic-Emili J.
Carbon dioxide responsiveness in COPD patients with and without chronic hypercapnia. European
Respiratory Journal 8: 78-85, 1995.

187

ABOUT THE AUTHOR
Geoffrey Edward Ciarlone was born in West Chester, PA and raised in Glenmoore, PA and
Tampa, FL. He attended Boston University’s College of Health and Rehabilitation Sciences:
Sargent College, where he received his B.S. in Human Physiology in 2010. He began pursuing a
PhD in Medical Sciences with a concentration in Molecular Pharmacology and Physiology in the
fall of 2011. His dissertation research was completed under the mentorship of Dr. Jay B. Dean in
the Hyperbaric Biomedical Research Laboratory at the University of South Florida’s Morsani
College of Medicine in Tampa, FL. He received his M.S. in the fall of 2013, and successfully
defended his dissertation on October 20, 2016.

